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Abstract 
An instrument for the direct measurement of surface 
forces, dubbed LLIFE, has been developed based on the 
Atomic Force Microscope ( AFM ). This instrument was 
used for the measurement of interaction forces in a variety of 
colloida~ systems. The systems studied exhibited 
electrostatic double layer forces, hydrophobic attraction, 
liquid crystal structure and polymer adsorption forces. The 
origin of optical artefacts associated with the light lever 
technique have been investigated and ways of minimising 
and eliminating these artefacts are suggested. The LLIFE has 
some clear advantages over adaptation of a commercial AFM 
for colloidal force measurement. 
The effect of salt, approach rate and dissolved gas on 
the hydrophobic attraction between a variety of surfaces was 
also measured using the LLIFE. A strongly attractive force 
extending to 80 nm and more, was measured in solutions of 
0.1 M electrolyte. As the approach velocity of the surfaces 
was increased, or dissolved gas is removed from solution, 
the measured attraction was found to decrease. It is argued 
here that the mechanism of the attraction in these systems, if 
not all hydrophobic systems, is not classically electrostatic in 
origin and a single mechanism may yet explain the great 
variety of results reported in the literature. 
The role of micronuclei and cavitation on the 
hydrophobic attraction has also been investigated. The 
implications for bubble formation leading to decompression 
sickness are discussed. An extension of an earlier study on 
the effect of various electrolytes on bubble coalescence is 
also reported and the role of the hydrophobic attraction 
considered. 
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Chapter One 
Introduction 
As early as 1686 Isaac Newton discussed the attraction between two bodies 
separated by a distance in terms of a force. Further, he recognised that the decay of the 
surface forces with distance, d-n, between a small particle and a large plate must have a 
value of n>4, or the attraction would be dominated by other larger bodies, at greater 
separations. In 1808 Clairout 1 suggested that capillarity could be explained by a 
difference in attraction between the solid capillary and the liquid, as compared to the 
liquid with itself. It had previously been demonstrated by Hauksbee in 17092 that the 
capillary rise was unaffected by the width of the capillary walls, leading to the conclusion 
that the surface forces must be short ranged. Quincke, prior to 1870, investigated the 
greatest distance at which molecular cohesive forces could be detected and arrived at the 
surprisingly reasonable figure of about one twenty thousandth part of a millimetre, or 
50 nm. Consequently, a search had begun to determine the range, magnitude and decay 
law of intermolecular forces which act between individual molecules and atoms and 
between surfaces at small separations. 
Chapter One 
1.1. Colloid Stability 
The stability of colloidal dispersions is determined by the forces acting between 
particles of the dispersed phase. If the forces are attractive or insufficiently repulsive the 
dispersion will flocculate. The dimensions of the dispersed phase are 1 nm to 1000 nm 
for the majority of colloidal systems. 3 Therefore, the surface to volume ratio is high and 
a significant proportion of molecules of the dispersed phase lie in or close to the interface 
with the dispersion medium. The chemistry of the surf ace is important as these 
molecules ( and those in the dispersing phase near the interface ) will have properties 
different to those in the bulk phases and, due to the large surf ace area, they will dominate 
the behaviour of the system. As a corollary, an alternative definition of a colloidal system 
may be offered. A colloidal system is a system whose physical properties are 
considerably altered by the nature of the interface between the dispersed and dispersing 
phases. Colloidal systems may consist of phases that are solids, liquids or gases and it 
may not always be apparent which phase is the dispersing phase and which phase is 
dispersed. Systems considered in this thesis have a dispersing phase that is liquid and 
usually aqueous. For dilute dispersions, the physical properties of these systems can be 
successfully investigated by analysis of the forces between the colloidal parti~les, which 
is dominated by the nature of the surf ace. 
Measurement of surface forces is experimentally challenging. Direct methods 
using model surf aces are made difficult by the short range and the small magnitude of the 
forces and the ever present potential for contamination. Indirect methods are hampered 
by other factors ( e.g. particle alignment and interpretation of results ), depending on the 
chosen system. Despite these difficulties many approaches have been developed to 
successfully determine the surface forces applicable to colloidal systems. A review, 
concentrating on the instrumentation and methods of measuring surface forces, is given 
in Chapter Two . Recently, the colloid probe technique, whereby the forces between a 
model colloidal particle and a flat surface are measured, has enabled a greater variety of 
materials to be investigated and greater variability in the rate at which direct measurements 
can be performed. A new instrument, purpose built for surf ace forces measurement, has 
been used to investigate many systems reported in this thesis. This instrument utilises the 
colloid probe technique. Details of the instrument and the results from a variety of 
systems are described in Chapter Three. Using this instrument a study of artefacts 
associated with the colloid probe technique has been conducted. A description of optical 
artefacts, how they arise and how they can be minimised is presented in Chapter Six. 
2 
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I 
Introduction 
The measurement of surface forces both directly and indirectly over the past fifty 
years, has been used to both test, improve and motivate theories of surface forces . 
However, the development of theory was initially driven by observations of the stability 
of colloids and the behaviour of colloidal particles in an electric field. 
1.2. Surface Force Theory 
Just prior to the tum of the century it was realised that the stability of a colloidal 
dispersion was dependent upon electrical interactions. Picton and Linder4 demonstrated 
that colloidal particles were charged and could identify their sign by the direction of their 
migration under the action of an electric field . Further, it was shown by Schulze that 
multivalent ions have enhanced coagulating powers. In the first half of the twentieth 
century several advances were to take place, leading to the first quantitative description of 
colloidal stability. The theoretical developments of Gouy5 and Chapman6 in describing 
the diffuse double layer generated by a charged surface in solution and progress in 
understanding van der Waals forces by London and others, were to prompt Kallman and 
Willstatter7 to suggest that the stability of a colloidal system could be described by the 
balance between the attractive van der Waals and repulsive electrostatic forces . On this 
basis, a quantitative theory of colloidal stability was developed in the 1940's 
independently by Derjaguin and Landau8 in Russia and Verwey and Overbeek9 in the 
Netherlands. In deference to their work, this is known as the DL VO theory of colloidal 
stability and has proven successful in describing the stability of an enormous variety of 
systems over the past 50 years. 
The total interaction between two colloidal particles is sensitive to the ·solution 
conditions. The attractive van der Waals component is only slightly affected by changes 
in the solution conditions. Whereas the repulsive electrostatic component is strongly 
dependent upon the type and concentration of electrolyte and therefore in many cases 
governs the capacity of a colloidal dispersion to remain in the dispersed metastable state. 
The total interaction is given simply by the sum of the component interactions. Thus, the 
component interactions can be calculated separately. First we shall look at the van der 
Waals interactions. 
3 
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1.2.1. Van der Waals Forces 
The first significant theoretical advances in the understanding of the ubiquitous 
attractive forces between molecules were due to van der Waals in 1873, who 
demonstrated that real gases do not obey the ideal gas equation and suggested that two 
correction terms are required, giving, 
( n
2aJ P+ V2 (V-nb)=nRT (1. 1) 
where, a
2 
accounts for a ubiquitous intermolecular attractive force between gas · V 
molecules and b is a correction for the finite size of the gas molecules ( which, 
incidentally, is related to the Born repulsion ) and n is the number of moles of gas. R .is 
the gas constant, P is the pressure, V is the volume and T is the Kelvin temperature. 
Early attempts at explaining the origin of the intermolecular attraction focussed on 
averaging permanent dipole interactions. However, the advent of quantum mechanics 
realised the first satisfactory explanation of attraction between molecules without a 
permanent dipole. London IO showed that attractive forces were due to the interaction of a 
temporary dipole of one molecule with the induced dipole of another. The time averaged 
dipole is zero, but the interaction remains finite. The interaction consisted of several 
contributions, the total of which decayed with a distance ( d) dependence of d-o at small 
separations. It was later shown that the distance dependence is d-7 at larger separations 
due to the finite time required for the electric field of the first atom to reach the second and 
return, this is termed retardation. Early attempts, due to Hamaker11 and others, at 
relating the interactions between two molecules to the interaction between macroscopic 
surf aces were made by pairwise summation. This method ignored the effects of 
surrounding molecules. The attraction between surf aces of different geometry and their 
distance dependence could be calculated. The attraction for two infinite half spaces is 
giYen by, 
-A 
(1.2) 
where VA is the interaction per unit area, L is the separation and A is the 
Hamaker constant. The negative sign indicates attraction. The interaction decays faster 
in the retarded regime whereby L2 is replaced with JJ . A single constant of 
4 
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proportionality A, dependent only on the atoms of each media was employed, thus 
providing a simple system to describe the molecularly complex vdW attraction. 
1.2.1.1. Lifshitz Theory 
The first accurate measurements of van der Waals forces by Derjaguin and 
Abricossova, 12 demonstrated that the assumptions made in calculating the Hamaker 
constants were not sustainable. Hamaker constants calculated by pairwise summation, 
were found to be two orders of magnitude too large, however the distance dependence in 
the retarded regime was confirmed. 12 This led directly to the development of Lifshitz 
theory, which treats the materials as continuous media described by their bulk dielectric 
properties. Hamaker constants can be calculated on the basis of Lifshitz theory if the 
dielectric permittivity of the medium as a function of frequency is known. This can be 
used to describe the interaction of the varying electric fields produced by one body 
interacting with another. Lifshitz theory has the added advantage of being more suited to 
investigating the interaction of surf aces immersed in different media and has been 
experimentally verified by direct13-16 and indirect17-20 methods. Later work has reduced 
the complexity of calculations required to determine Hamaker constants using Lifshitz 
theory .21 
1.2.2. Electrical Double Layer Forces 
When placed in a polar medium, most surfaces acquire a charge. Charging can 
occur as a result of dissociation of surface groups, ion adsorption from solution and ion 
dissolution. The surf ace charge influences ions in the surrounding media forming a 
diffuse layer which has a net zero charge as ions of opposite charge to the surface 
(counter ions) are attracted and less importantly, ions of like charge (co-ions) are 
repelled. A quantitative model of the diffuse double layer, attributed to Gouy and 
Chapman, is given here and is covered with some variations elsewhere.9•22-24 
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1.2.2.1. The Poisson-Boltzmann Equation 
Maxwell's equation allows the charge distribution at a point in a dielectric medium 
to be related to the electric field. 
v. E(r) = -p(r) 
e0D 
(1.3) 
where E(r) is the electric field at position r, p(r) is the charge density, £0 is the 
permittivity of free space, D is the dielectric constant and the arrows denote vector 
notation. The assumption that the surface is flat, infinite and the charges are uniform and 
smeared out, reduces the system to one dimension. Equation 1.3 can be written in scalar 
form, giving Poisson's equation. 
d 2 l/f(x) _ p(x) 
dx 2 - e
0
D 
(1.4) 
Where the electrostatic potential at a distance x from the surf ace is 1/1( x). The 
effect of the electric forces is offset by the thermal motion of the ions. Assuming a 
Boltzmann distribution the average concentration of ions at a given point can be calculated 
from the ( average ) potential at the same point. 
P;(x) = P;(B)exp{- Z;qk~(x)} . (1.5) 
Where Pi ( x), is the distribution of species i at a distance x from the surface. B 
is the bulk concentration in ions m-3, Zi is the valency of the ion i and q is the 
magnitude of the electronic charge. T is the temperature and k is the Boltzmann 
constant. Substituting equation 1.5 into equation 1.4 the Poisson-Boltzmann equation is 
obtained, which describes the average distribution of ions near a charged surface. 
d
2
1f!~x) = -q L,p;(B)exp{- Ziqlfl(x)} 
dx e0D ; kT 
(1.6) 
This equation is simplified by introducing the Debye length, K'-1, considering 
only symmetric ( Z:Z ) electrolytes and using a dimensionless potential 
Y = Zql/f(x) I kT and dimensionless distance X = xK'. 
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d 2Y 
dX2 = sinh Y (l.?) 
where 
I 
_ 1 { £0DkT }
2 
1( = 2q2Z 2p(B) (1.8) 
Equation 1.8 defines the Debye length and is a measure of the thickness of the 
diffuse electrical double layer. Equation 1.6 can be solved by double integration, using 
the boundary conditions, { l/f = ll'o when x=O and vr=O, d l/f I dx =0 when x= 00 } to 
yield the exact result. 
y = 2ln{l + yexp(-X)} 
1- yexp(-X) 
where 
{ exp( Y0 I 2) - 1} r= 
{ exp( Y0 I 2) + 1} 
and 
(1.11) 
(1.9) 
(1.10) 
Y0 , is the scaled potential at the surface and ll'o is the surf ace potential. This 
equation gives the electrostatic potential as a function of distance from a single, flat, 
charged surface. 
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1.2.2.2. Interacting Surfaces 
When two charged parallel plates approach in solution, they will begin to interact 
when the overlap of the diffuse electrical double layer of the particles becomes 
significant. If the overlap is small or the potential on the plates is small, the potential at 
the mid-point can be approximated by the sum of the potential due to each surface. 
However, the interacting double layers will influence each other, perturbing the charge 
distribution. 25 Thus, for surface potentials above 25 m V, accurate determination of the 
interaction energy requires numerical solution. Verwey and Overbeek evaluated the free 
energy change when two double layers overlapped by using elliptic integrals to solve the 
Poisson-Boltzmann equation.9 Langmuir had previously employed a method that makes 
use of the osmotic pressure at the mid-plane between two identically charged surfaces to 
evaluate the interaction between diffuse double layers.9 
At the mid-plane, the gradient of the potential is zero, therefore no electrical force 
is acting on the ions. The overlap of the diffuse double layers of the surfaces, gives rise 
to an ion concentration at the mid-plane that is higher than in bulk. The excess osmotic 
pressure at the mid-plane can be evaluated from the difference in concentration of ions at 
the mid-plane to that in the bulk. If 1/1( x) can be obtained, the ion density profile can be 
calculated from equation 1.5. Hence the ion density at the mid-plane can be evaluated 
and the osmotic pressure calculated. 
IIP =LiII 0 s =kBTLJni(m)-ni(00 )] ( 1.12) 
where, II P, is the repulsive pressure between the plates, LiII
0
s, is the excess 
osmotic pressure at the mid-plane, ni ( m), is the ion density at the mid-plane and ni ( 00) is 
the ion density in bulk. At equilibrium the pressure throughout the film is uniform hence 
the pressure in the film is equivalent to the osmotic pressure at the mid-plane. A 
numerical procedure using an algorithm based on the osmotic pressure approach, 26 is 
used for diffuse double layer calculations in this thesis. This algorithm gives exact 
numerical solutions to the Poisson-Boltzmann equation. The solution depends on the 
choice of boundary conditions. As the surfaces approach the charge on the surface is 
influenced by the interaction. 9 The interaction energy is highest when the charge on each 
surf ace remains constant and lowest when the electrostatic potential on each surface 
remains constant. Real surfaces may regulate between these two extremes. 
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1.2.2.3. Limitations of DL VO Theory 
The major limitations of the DL VO theory are those implicit in the 
Gouy-Chapman theory used to describe the diffuse double layer. The assumptions 
involved in the derivation of the Poisson-Boltzmann equation include: 
i) The ions are assumed to be point charges. 
ii) The distribution of the ions is described by the Boltzmann equation. 
iii) The solvent is assumed to be homogeneous and is modelled by its dielectric 
constant. 
iv) The suiface is flat, infinite and the charges are uniform and smeared out, both 
at the suif ace and in the bulk. 
Indeed these assumptions are known to be invalid under many experimental 
circumstances. Measurements of the capacitance of the double layer has found that the 
dielectric constant is reduced and the approximation of ions as point charges leads to 
impossibly high ion concentrations for systems of high potentials and high salt 
concentrations. 27 However the DLVO theory has been proven adequate within 
experimental error for many systems.28 More sophisticated calculations, termed 
primitive models, that incorporate ion size, ion correlations and/or the dependen~e of the 
solvent dielectric constant on ion concentration, have been developed and are reviewed by 
Carnie and Torrie.29 One such approach, the Hypemetted-Chain theory, has been used 
by Kjellander and Marcelja.3° For symmetric electrolytes, they find agreement with 
DL VO theory at intermediate concentrations, although the magnitude of the repulsion is 
slightly reduced. However, for asymmetric electrolytes, a short range attraction, not 
predicted by DL VO theory, is predicted and has been verified experimentally31 and by 
Monte Carlo simulation. 32 
In summary, the Poisson-Boltzmann approach has been a highly successful 
solution for experimentalists working with simple, symmetric electrolytes at moderate 
potentials and concentrations and is, for most purposes, a reasonable description for 
higher potentials and concentrations. This may, in part, be due to the deficiencies within 
the model compensating each other. 31 It has the distinct advantage of being 
computationally orders of magnitude simpler than the primitive models and descriptively 
more meaningful than other models. 
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1.2.2.4. The Derjaguin Approximation 
Theoretical calculations of the interaction energy per unit area are usually . 
developed for flat plates rather than for curved surfaces, whereas the latter are used in 
most direct force measurements. Curved surfaces are used, as alignment of semi-infinite 
plates is experimentally impractical. Although interaction energies have been evaluated 
for other geometries, the calculations are more complex. It is therefore advantageous to 
relate the experimentally measured forces between non-planar surfaces to the interaction 
energy between planar surfaces in order to compare experiment with theory. The 
Derjaguin approximation33 can be used for systems where the curvature of the surfaces is 
much larger than the range of the interaction between the surfaces. This is nearly always 
the case for direct force measurements, where the usual geometry approximates a sphere 
and a plane. The approximation has also been developed for two interacting spheres. In 
this latter case, the force is obtained by integrating the energy between flat, parallel, 
annular elements, giving, 
F(d) ~ 2n(· RiRi Jw(d) 
Rl +R2 
(1.13) 
where d is the closest separation between the spheres, R1 and Ri are the radii of 
the two spheres and F and W are the force and the interaction energy between the two 
surfaces, respectively. The relationship for a sphere-flat geometry is obtained by setting 
R2 very much larger than R1 • Thus arriving at, 
F(d) ~ 2nR1W(d) (1.14) 
The crossed cylinders geometry commonly employed is formally equivalent to the 
sphere flat geometry, where R1 is the geometric mean curvature of the two cylindrical 
surfaces. The Derjaguin approximation is applicable to any type of force law 1 and has 
recently been verified by a statistical mechanical proof. 34 
10 
Introduction 
1.2.3. Non-DLVO Forces Between Colloidal 
Particles 
1.2.3.1. Structural Forces 
In DL VO theory the solvent is treated as a continuum and is represented by a 
single static dielectric constant. This approach ignores the molecular granularity of the 
solvent. Computer simulation and theoretical calculations35 predict a decaying oscillatory 
density profile at small separations for a liquid confined between two smooth, hard walls . 
This has been verified experimentally in a variety of systems, including electrolytes, 36 
organic liquids both polar37 ,38 and non-polar39 and in micellar solutions.40 The 
measured force oscillates between a maximum and a minimum as each layer is squeezed 
from between the surfaces. If the surfaces are rough or fluid, the oscillations are replaced 
by a monotonically decaying repulsive interaction.41 .42 This type of structural force 
generally extends less than 10 molecular diameters. 
1.2.3.2. Steric Forces 
Colloids with mobile or diffuse surf aces cannot be described adequately by the 
model of a smooth hard surface. Colloids possessing diffuse interfaces occur when the 
colloid is fluid or for solids where surface-attached molecules have mobility in solution, 
as is the case for many polymer or polymer-coated colloids. On bringing two such 
fluctuating surf aces together the mobility of the colloidal interface is reduced and a 
repulsive entropic force arises. The nature of the force depends on the solvent-surface 
interactions and in a poor solvent the interaction may initially be attractive. Theories of 
steric interactions due to grafted or adsorbed polymers43 ·44 are complex and will not be 
covered here. Industrially, sterically stabilised colloids are important as colloids that 
would normally coagulate can be stabilised by addition of a small amount of polymer and 
vice versa. 
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1.2.3.3. Solvation and Hydration Forces 
The DL VO theory was developed for lyophobic colloids where a strong affinity 
between the particles and the molecules of the dispersion medium are absent. As such 
any chemical interaction between the surface and the solvent or any surface induced 
solvent structure is ignored. Consequently, several systems which demonstrate non-
DL VO behaviour have been attributed to solvent-surface interactions. These are termed 
solvation forces, or in aqueous systems, hydration forces. Silica dispersions at low pH 
and high salt concentrations experience very little electrostatic repulsion, due to a highly 
screened, low surface potential and would be expected on the basis of DL VO theory to be 
unstable. This is not found to be the case.45 Additionally, the swelling of clays46A7 and 
the thickness of bilayers42•48-50 are further common examples of systems whose 
behaviour is dominated by short range repulsive hydration forces. This repulsion 
apparently results from the energy required to dehydrate the hydrophilic surfaces upon 
reducing the surface separation. The first measurement of hydration forces indicated a 
monotonic repulsive force at separations of less than 5 nm.48 Later experiments have 
revealed a more complicated force law that consists of an oscillatory force due to water 
structure, superimposed on a steep repulsive interaction.36 Further, the presence of 
adsorbed cations is found to lead to the onset of secondary hydration forces, which are 
oscillatory at short range, between mica surfaces.51 
1.2.3.4. Hydrophobic Attractive Forces 
A surface that is inert to water ( i.e. hydrophobic ), does not form ionic or polar 
interactions with water. Just as hydrophilic surfaces can influence the hydrogen bonding 
in the adjacent aqueous medium, it is expected that a hydrophobic surface may also 
disrupt water structure. The effect of this disruption might be expected to extend only a 
few molecular diameters52•53 however, many measurements on hydrophobic systems 
reveal an intriguing long range attraction. 54-56 
Prior to direct measurement of surface forces between hydrophobic surfaces in 
aqueous solutions57 the existence of an attractive force could be inferred from surfactant 
aggregation, 58 protein folding, 59 the low solubility of non-polar molecules60 and the 
non-wetting behaviour of water on hydrophobic substrates.61 The range of the 
interaction was thought to be small, roughly of the order of a bond length.59 Evidence 
that a longer ranged attractive force was present between hydrophobic surfaces first came 
from measurements of film thicknesses between a gas bubble and a silica surface. 62 
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When the silica surface was made hydrophobic by methy lation, the aqueous film between 
the bubble and the surface was found to be unstable at separations of greater than 60 nm. 
However, these results were not interpreted as arising from a long range force. One 
interpretation being that film rupture was due to particulate contamination. 63 Only by 
direct force measurement has it become known that the hydrophobic interaction is 
strongly attractive and long ranged. The range of the attraction poses considerable 
problems in developing a theory for the attraction. The hydrophobic attraction is 
theoretically the least well understood of the surf ace forces and as such is the most 
controversial. 64,65 
Several systems exhibiting hydrophobic attractive forces have been studied and 
are presented in Chapter Four, along with a review and discussion of the hydrophobic 
attraction. These studies have important implications for the proposed mechanisms of the 
hydrophobic attraction. Three systems, where hydrophobicity is likely to be crucial, are 
investigated and presented in Chapter Five. The relevance and the importance of the 
hydrophobic attraction in a wide variety of systems is yet to be clearly elucidated, and 
may not be clear until the origin of the attraction is better understood. 
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Measurement of Surface 
Forces 
2.1 Historical Perspective 
Tomlinson in 1928, 1 measured the force of adhesion between fibres or spheres of 
glass in an attempt to determine experimentally the index of the decay law. He writes, 
"There is no strong a priori reason for thinking that the force between two atoms can be 
described by a simple inverse law .... but on the other hand, ... there is such diversity of 
opinion as to the approximate law of force, indices of 2,3,4,5,6, and 8 being suggested 
by different writers, that any evidence in support of a particular integral index may be 
considered to be a small advance in our knowledge." Thus, the first direct experiments to 
measure intermolecular surface forces were begun. Tomlinson's experiments were 
inconclusive but he made several technical advances that are still in current use. Firstly, 
he introduced the crossed cylinder geometry and dealt with this theoretically by equating 
it with a plane and a sphere. The sphere being formally equivalent to the geometric mean 
radius of the cylinders. He justified this artifice by stating that the forces are of molecular 
dimensions and the mean effective curvatures of the geometries are identical, so laying 
the foundations for the universally used Derjaguin approximation.2 The adhesive force 
was measured by projecting the crossed fibre arrangement onto a screen where the point 
at which the fibres separated was marked. The deflection measured was converted to 
Chapter Two 
force by calibration of the fibre. It is interesting to note that the decay length question 
was answered shortly afterwards by the theoretical work of London,3 who showed that 
the van der Waals attraction between two atoms decayed with a distance dependence of 
d---{j , though experimental proof was not realised for some time. 
Bradley,4 following on from the work of Tomlinson, developed an apparatus for 
measuring the adhesion between spheres of unequal size. This instrument utilised a 
microscope to detect deflection and a quartz spring to determine the force. Additionally, 
the instrument was housed in a chamber from which the air could be evacuated. A 
heating coil to drive off humidity and a radioactive source to prevent the accumulation of 
static charge were also incorporated. Benefiting from the work of London, Bradley was 
able to relate his measurements to the surface energy of the material under investigation. 
Rayleigh5 in 1936, examined the force required to separate glass surfaces that were in 
"optical contact". One edge was peeled away from the other surf ace using a weight. The 
separation of the surfaces during this process could be followed from the interference 
fringes produced in the gap between the surf aces. This represents the first work to 
measure both the surface separation and the force concurrently and led the way for many 
attempts to quantify the attractive force and distance dependency in order to test the 
theories of London, Hamaker and later, Lifshitz. 
2. 2 Measurements in Air or 
Vacuum: van der Waals Forces 
The measurement of attractive van der Waals ( vdW) forces poses considerable 
experimental difficulties. The short range nature and steep decay of vdW forces required 
the development of accurate methods to measure the separation of the surfaces. Smooth 
and very clean surf aces were required for the investigation. The surfaces had to be 
completely free of static electrical charges, which give rise to very long range forces. 
Additionally, vibration isolation is required to accurately determine the interaction forces 
and surf ace separation. 
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2.2.1 Measurement Systems: Direct Methods 
Perhaps the simplest arrangement for measuring a force is the spring balance. 
One surf ace is mounted rigidly and the other surface is mounted on a spri
ng. 
Measurement is made by changing the separation of the surfaces and allowing 
the 
surfaces to come to an equilibrium position where the interaction force between 
the 
surf aces is balanced by the spring restoring force. From the measured deflection ( -X:) 
of a 
spring, the force ( F) is calculated using Hooke's law, F == kx, where the spring cons
tant 
k, is known. For macroscopic springs, this is usually determined by calibration wit
h a 
known mass under action of gravity. However, this simple system is less than ideal
 for 
measuring quickly decaying attractive forces due to the high force/distance gradient. 
As 
the gradient of the force exceeds the spring constant, the surf aces jump into the n
ext 
separation where mechanical stability is found. For vdW forces this results in 
the 
surf aces jumping into contact. This restricts the range over which the force can
 be 
measured. By increasing the stiffness of the spring, measurements at smaller separati
ons 
can be made, but the sensitivity of the instrument is reduced. Alternatively, the ju
mp 
distances can be determined for a range of different spring constants. 
6 As the jump 
occurs when the gradient of the attractive force balances the spring constant, the grad
ient 
of the attraction can be determined at different separations. 
Very early attempts to accurately measure the vdW attraction between solid bodies 
separated by a vacuum were conducted by Derj aguin and Abricossova using a fo
rce-
feedback technique and Overbeek and Sparnaay 
7,8 of the Dutch school, employing the 
spring balance. 
The arrangement used by Overbeek and Sparnaay is depicted in Figure 2.1. The 
force of attraction was measured between bare and silvered, optically polished, para
llel 
quartz glass plates. One plate was mounted on a relatively stiff spring which had
 the 
lower plate of a capacitance gauge firmly attached. Coarse separation control of the g
lass 
plates was achieved by micrometer screws and fine control was conveyed by three
 air 
boxes, or bellows, which expanded in response to an applied pressure. The paralle
lism 
and larger separation distances were determined by the colours of interference frin
ges 
between the plates. At separations below 100 nm, no interference colours were seen 
and 
the separation was determined by the intensity of reflected light. At separations of gre
ater 
than 900 nm the interference fringes were smeared out, giving alternating red and gr
een 
bands. The separation distance in this region was determined by the number of ba
nds 
passed, upon increasing the separation from a position of known separation. 
The 
precision of distance determinations was 15% for most of the reported separations. 
The 
authors state that the main errors of the technique were the presence of particles betw
een 
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the plates, vibrations and drift errors in the capacitance measurements. However, their 
results suggest that they were not completely successful in removing the effects of 
electrostatic charge as they obtained a distance ( d) decay of d-2·6 , where an index of -4 is 
expected for parallel plates. Additionally, the requirement that the plates remain parallel 
poses experimental difficulties which are only enhanced by an attractive force which 
increases greatly at smaller separations. Such a force will act to accentuate any deviations 
from parallelism. 
~®~ 
® ,... 
Figure 2.1 The experimental arrangement of Overbeek and Spamaay to measure vdW 
forces. Indicating: A brass support ( 1) for the upper plate of a capacitance gauge (2). 
Optically polished quartz plates ( 3 ). The plates are wedge shaped to enable easier 
detection of Newton's interference fringes. A spring ( 4 ), to which the upper quartz plate 
and tower half of the capacitance gauge (2) are firmly attached. Bellows ( 5 ), operated by 
a pump (7) and monitored by a manometer ( 6), used for fine displacement of the lower 
quartz plate. A white light source ( 8) and eyepiece (9) are used for detection of the colour 
and intensity of the reflected light. A sturdy brass support ( 10) for spring and 
capacitance gauge support. 
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The experiments of Overbeek and Spamaay were reproduced by Kitchener and 
Prosser9 with three main changes. The capacitance was measured by a different 
technique that gave readings unaffected by the vibrations of the spring mounted surface. 
These vibrations were damped by an attachment to the spring of a silicone oil filled 
damping post. Charging of the surfaces was removed by production of a plasma in the 
evacuated vessel. They measured interactions that were much smaller in magnitude to 
those of Overbeek and Sparnaay, and were in accord with the experiments of Derjaguin 
and Abricossova, which are discussed later. Further work by the Dutch school 
10 
employed both the parallel plate geometry and a sphere-flat geometry to confirm that vdW 
forces were retarded at distances greater than 100 nm. Interestingly, the motivation for 
using the sphere-flat geometry appears to have been the change in decay of the force 
associated · with this geometry rather than experimental expediency. Indeed the 
interference method of measuring the separation was made more difficult by the 
sphere-flat geometry. 
The development of a new instrument by Tabor and Winterton
6•11 in 1968 
introduced important improvements that are now widely used in the measurement of 
surface forces. Cleaved muscovite mica was glued to glass half cylinders forming 
molecular! y smooth surf aces of cylindrical geometry. These cylinders are arranged to 
cross at 90° leading to a geometry that is equivalent to a sphere-flat arrangement. White 
light interferometry ( FECO )12,13 was employed to detect the separation of the surfaces 
with much greater accuracy, ~ 0.8 nm, than had been previously possible. Surface 
separation was controlled using a piezoelectric transducer for the first time, in this case a 
bimorph spring. The experimental arrangement is depicted in Figure 2.2. These three 
important advances enabled measurement of vdW interactions from 30 nm down to 5 nm 
confirming the existence of the non-retarded regime. This work embraces the most 
important advances to occur concurrently in the techniques of measuring surface forces. 
Additionally, FECO patterns provide information regarding the geometry of interaction 
between the surfaces, enabling the radius of interaction to be measured accurately.
14 
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Figure 2.2 The experimental apparatus of Tabor and Winterton for investigation of 
vdW forces. ( 1) The light path from the light source through the mica surfaces and half-
cylindrical quartz supports to the spectrometer. (2) A steel spring to which the upper 
surface is attached. ( 3) Crossed cylindrical mica surfaces. The axes are arranged at right 
angles. ( 4) The piezoelectric bimorph which was used for fine surface separation 
control. ( 5) A steel helical spring which operates against the screw ( 6) used for coarse 
adjustment of surface separation via a pivot (7) mounted lever. 
Force feed-back techniques can overcome the problem of spring instabilities. 15 
Force feed-back instruments are necessarily operated in a different manner. Typically the 
cantilever spring or balance on which one of the surfaces is mounted, is fitted with a 
conducting coil situated in a permanent magnetic field. With this arrangement a magnetic 
force can be exerted on the spring, by causing a current to flow through the coil, in 
addition to the forces under investigation. The feed-back circuit controls the magnetic 
force on the spring so that it balances the interaction, leaving the spring undeflected. The 
arrangement is then offset to acquire a force measurement at a different separation. The 
rigidity of the spring is effectively variable due to the feed-back system. The force is 
determined from a calibration of the feed-back response. 
The first accurate measurements of vdW forces were performed by Derjaguin and 
Abricossova in 1951 using an ingenious force feed-back technique shown in Figure 2.3. 
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Figure 2.3 Force feedback technique used by Derjaguin and Abricossova to measure 
vdW forces. The components of the feedback arrangement are shown in the upper half 
of the figure. A light source ( 1) is directed onto a mirror attached to a balance beam ( 4 ), 
via a lens (2 ), a raster ( 3 ), another lens, and a prism. After reflection from the mirror the 
light passes through a lens, a raster and a lens before striking a photo cell ( 5 ). The signal 
at the photo cell is input to the control electronics (6). The control electronics output a 
current measured by an ammeter (7), through a coil (9 ), situated in a permanent magnetic 
field ( 8) in order to exert a torque on the balance. The opposite end of the balance to the 
mirror has a quartz flat ( 11) firmly mounted to it, held beneath a spherical quartz surface 
( 10). 
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The interaction force between a spherical quartz surface and a flat quartz surface were 
investigated in air and in vacuum. The flat was placed on one arm of a balance beam and 
the spherical cap mounted above it. Coarse separation adjustment was achieved by 
lowering the spherical cap using a micrometer screw. The other arm of the balance beam 
was fitted with a mirror. The centre of the balance beam was fitted with a 20 tum coil 
which was placed in the field of a permanent magnet. Feed-back was achieved by 
detecting movement of the mirror from its initial position and supplying current to the 
coil, generating a force on the beam sufficient to restore the mirror position. Movement 
of the mirror was sensed optically. A parallel light source was passed through a grating 
and then a lens and onto the mirror via a prism. The reflected light was deflected by the 
other side of the prism through a lens identical to the first, forming a real image in the 
plane of another identical grating, behind which a photoelectric cell was mounted. When 
the balance beam was zeroed, the light passing through the second grating would be a 
minimum and the feed-back current zero. Any deflection of the beam results in an 
increase in the amount of light admitted to the photoelectric cell and a corresponding · 
increase in the current flowing to the feed-back coil. Measurement of the current yielded 
the force, once the linear current versus displacement relationship was established. 
Separation was determined optically from Newton's rings using monochromatic light. 
Fine separation control was achieved by micrometer adjustment of the grating, which in 
turn led to a deflection of the beam and a change in surface separation. Using this 
experimental arrangement, accurate measurements of vdW forces were performed at 
separations from 700 nm to less than 100 nm. The authors state that measurements at 
smaller separations were precluded by surface roughness. However, it is difficult to 
imagine how this would have precluded measurements at separations of between 50 nm 
and 100 nm. 
This feed-back arrangement was later modified to measure the attraction between 
filaments in a crossed cylinder geometry. 16,17 Several improvements were made 
including modifications to the feed-back arrangement that enabled the separation of the 
surf aces to be preset and maintained despite the action of molecular forces. 
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Figure 2.4 Feed-back arrangement for the measurement of interaction forces between 
crossed fibres. A light source ( 1) is reflected via a mirror (3) onto two photo cells (2). A 
movable fibre ( 5 ), which interacts with a fixed fibre ( 4 ), is firmly attached to a support 
for both the mirror and a wire coil ( 6). The coil is situated in the field of a permanent 
magnet (7). When the movable fibre is deflected the incident light upon the photo cells 
becomes unbalanced. Hence the bridge circuit and control electronics ( 11) allows current 
to flow which is monitored by ammeters at (8) and (9). Surface separation was 
controlled by changing the values of the variable resistors ( 10 ). 
The feed-back arrangement consisted of a bridge circuit containing two photo 
resistors and two variable resistors, see Figure 2.4. When intermolecular forces are 
absent the bridge is balanced and no current flows. When forces act to deflect the fibre, a 
mirror attached to the other end of the fibre deflects the light ray incident on the 
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photoresistors. The light level striking one photoresistor increases whilst the incident 
light on the other decreases. Hence, current flows in the bridge, triggering feed-back. 
The surface separation was adjusted by changing the value of one of the resistors in the 
bridge, which in tum would lead the feed-back arrangement to move the fibres to a fixed 
separation. This arrangement had the advantage of determining surface separation from 
the value of the resistors in the bridge and therefore enabled opaque surfaces, including 
gold and platinum, to be investigated for the first time. 16,17 
Further refinement of the feed-back arrangement involved situating the feed-back 
coil physically closer to the position at which the surfaces are interacting. 18 This was 
necessary as the separation of the points of action of the feed-back force and the 
intermolecular forces caused bending in the feed-back arrangement and consequently 
increased the error in measurement. Given that the separation of the surfaces was no 
longer determined optically, but by the feedback arrangement, uncertainties regarding the 
zero of separation arose in some systems. 
Dynamic methods have also been used to measure attractive vdW forces. 19 ,20 . 
This technique involves oscillating one surf ace and detecting the induced oscillations on 
the other spring mounted surface. This is advantageous in that the technique is not as 
sensitive to vibrations as the methods discussed previously, and hence weaker forces 
may be measured. Fluid damping of the oscillations must be avoided therefore it is 
necessary to conduct the experiments in vacuum. An increase in the van der Waals 
attraction between the surfaces, results in a decrease in the natural mechanical vibration 
frequency of the spring mounted surface. The change in frequency with separation is 
measured and, with adequate calibration for the viscous damping of the spring n1ounting, 
the frequency change is converted to force. Alternatively, the separation of the surfaces 
are altered until the oscillation frequency of the spring mounted surface corresponds to 
the driving frequency. This occurs only when the phase difference is exactly 90° and 
allows viscous damping of the spring mount to be discounted. Another advantage is that 
random vibrations of the system are effectively filtered out by analysing only the 
frequency that corresponds to the driving frequency. Dynamic methods are generally not 
used for small separations, as spring instabilities still occur, precluding measurement of 
the force. 
The first experimental arrangement to employ dynamic methods was reported in 
1972.19 The attractive vdW force between a flat glass plate and a convex lens in vacuum 
was measured accurately from 80 nm to 1200 nm. The experimental arrangement is 
shown in Figure 2.5. 
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Figure 2.5 Dynamic force measurement instrument developed by Hunklinger et al. 
19 
The surface separation was detected optically using an arrangement consisting of a 
photomultiplier ( 1 ), an aperture (2 ), a microscope ( 3 ), a filter ( 4) and a split light source 
(5). The surface separation was controlled using electromagnets (6) and a steel plate (7). 
Surface oscillations of the quartz lens (9) were produced using a miniature loudspeaker 
(8). The induced vibrations in the lower quartz plate ( 10) were detected by a microphone 
( 12) attached to the quartz plate with a metallic layer ( 11) sandwiched between the 
microphone and quartz plate. 
The equilibrium separation distance was determined using Newton's rings and 
controlled electromagnetically. The lens was mounted on a low frequency mechanical 
vibrator ( a loudspeaker ) and the flat plate was firmly attached to a modified condenser 
microphone. The frequency output of the loudspeaker was suitably modulated to cause 
the microphone to vibrate at its resonant frequency. The frequency response of the 
microphone to the driving oscillations of the loudspeaker were recorded. The change in 
resonant frequency when scaled by a sensitivity calibration of the microphone yields the 
gradient of the intermolecular force at a given separation . 
Israelachvili and Tabor20 modified an apparatus previously used to measure vdW 
forces by the jump technique, 6 in order to measure the force law between 10 nm and 
120 nm for mica surfaces. This instrument incorporated two important developments. 
The upper surf ace was mounted on a double cantilever spring. This spring arrangement 
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increases the torsion stiffness of the spring dramatically, ensuring that twisting and 
shearing motions are negligible. Secondly, the lower surface was mounted on a tubular 
piezoelectric transducer. The tubular shape allows the passage of light through the piezo 
and interacting surf aces for FECO measurement. The piezo tube allows fine control over 
surface separation, by linear expansion, or contraction, in response to applied voltages. 
In these experiments the piezo tube was also used to provide the forcing vibrations. 
Calculation of the forces of interaction required knowledge of the natural frequency of the 
spring mounted surface and the spring constant, along with the separation distance and 
frequency at which the surf aces were 90° out of phase. 
A further dynamic method21 •22 has been developed whereby forces can be 
measured at separations less than the spring instability separation, by location of the 
unstable equilibrium position. Consider the potential energy of the spring mounted solid 
at separations close to the spring instability. Two potential energy minima exist, 
corresponding to the equilibrium separation distance and the zero separation distance 
( contact ). These are necessarily separated by a saddle point or unstable equilibrium 
position. If the surface is moved to this position it will either jump into contact or return 
to the equilibrium separation distance. Measurement by this method involves locating 
this position. The spring mounted surface is set in motion by displacing it away from the 
solid mounted surface, against the restoring action of the spring and then releasing it. If 
the displacement is small the surface will oscillate around the equilibrium position. 
Successively the initial displacement is increased until upon release the surface overcomes 
the energy barrier at the saddle point and contacts the other surface, thus locating the 
unstable equilibrium position. Once located the attractive force is given by Hooke's law, 
the spring deflection being the equilibrium_separation position minus the distance of the 
saddle point from the surface. In practice the technique poses some difficulties. The 
distances must be determined accurately over short time periods and the determination of 
the saddle point is dependent upon accurately determining the point at which the surfaces 
come into contact. This can be complicated by the relaxation and deformation of the 
surfaces immediately after contact occurs. This method enables smaller separations to be 
measured, for a given spring stiffness, when compared to the jump method. However, 
the forces at small separations can be measured using the jump method, by employing 
stiffer springs. Despite the need to use a stiffer spring the jump method produces more 
accurate results. 
The dynamic jump technique appears to have been employed solely by Lodge and 
Mason, 21 •22 and only early data has been presented. The experiments support the 
contentions of the authors as to the existence of the unstable equilibrium position but the 
data yielded by its measurement is poor. The apparatus resembles a hybrid between the 
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apparatus of Derjaguin 15 ( see Figure 2.3 ) and Tabor11 ( see Figure 2.2 ), but is more 
like the former. Surface separations could be measured either by FECO or capacitance, 
although only the capacitance gauge could be used for dynamic measurements. The 
capacitance gauge being located in place of the mirror in Derjaguin's apparatus. A coil in 
a magnetic field is similarly employed, but for a different purpose. It provides the means 
by which the surfaces can be set in motion as described earlier. 
2.2.2 Measurement Systems: Indirect Methods 
Many systems have properties that are dependent upon van der Waals forces, 
such as adhesion, surface tension, wetting, capillarity, phase changes, colloidal stability, 
and foam formation. This would imply that by careful study of these systems the van der 
Waals interactions could be determined. However, in practice other effects complicate 
the analysis, often to the extent that no information is available without extensive 
assumptions. Following is a discussion of systems that have been studied in an attempt 
to reveal information on surface forces involving van der Waals interactions. It is beyond 
the scope of this review to attempt to cover all such studies, rather a selection of methods 
of differing approach are briefly discussed. Systems in which a solvent is present and 
there exists an electrostatic component in addition to vdW forces are discussed later, 
when DL VO systems are addressed. 
2.2.2.1 Deflection Methods 
Wittman and Splittgerber23 investigated the forces acting between two highly 
polished flat quartz surfaces. The lower surface has two thin support bars, 3 mm apart, 
formed by vaporisation of aluminium. Upon this was placed a thin ( ~ 100 µm ) quartz 
plate that deforms under the action of vdW forces. The arrangement is depicted in Figure 
2.6(A). The separation was determined from interference fringes to an accuracy of 5 nm. 
The assumption that the deflection force relationship can be calculated by using a formula 
for a homogenously loaded bar is made and the deflections along the x co-ordinate are 
measured. Knowledge of the Young's modulus then yields the force versus distance 
relationship. The assumption of a homogenously loaded bar would seem to be a poor 
approximation as the decay of the force is known to be very steep. Clearly the forces will 
be considerably larger in the centre if the deflection is not very much smaller than the 
surface separation. Unfortunately, the authors do not supply the deflection data or the 
support heights, merely the calculated van der Waals curve. They obtain remarkably 
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good agreement with earlier direct methods 10•24 and show a transition from non-retarded 
to retarded behaviour at approximately 35 nm. Perhaps this agreement was fortuitous as 
later work, 25 using a more accurate force deflection relationship, yields data that indicates 
a non-retarded to retarded transition at approximately 70 nm and forces higher than the 
theoretically calculated curve using the Lifshitz theory. 
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Figure 2.6 Two apparatus used by Splittgerber and Wittman to measure attractive 
vdW forces in air of varying relative humidity. The separation between a thin quartz plate 
(2) and a quartz glass block (4) was set by aluminium supports (3). A ramp or a parallel 
arrangement is used. A thin aluminium layer ( 1) on the upper side of the quartz surfaces 
assists detection of the surface separation by optical interference. 
A modified arrangement26 depicted in Figure 2.6(B) was later used in which the 
upper side of the thin quartz plate was again coated with a thin layer of aluminium to aid 
in the optical interference technique used to determine deflection. Additionally, the thin 
plate was placed on only one leg, leaving it inclined. The data analysis was performed 
using a numerical procedure to solve a 10th order polynomial, to yield the relationship 
between deflection and force. The effect of adsorbed water on the van der Waals force 
was investigated by controlling the relative humidity. The results obtained show a steady 
decrease in the force with increasing vapour pressure and at 95% relative humidity the 
agreement with theory is excellent. 
Bailey and co-workers27-29 have investigated the forces of attraction between two 
sheets of mica. Two narrow strips of mica were partially cleaved and held apart by a 
cylindrical spacer. The region near the bifurcation point was investigated using FECO 
and the deflection of the strips was found to be less than expected for an unloaded 
30 
,:~ ,•ill~:'.-.: ,•,::\•~ : "I I •~ :, ,1 •,,; • " •• • '\ - ;,•,t '.1, •, I 
Measurement of Surface Forces 
cantilever, due to the intermolecular attractive forces. Static charging was prevented by 
the presence of ionising radiation. Careful modelling of the arrangement yields the value 
of the attractive force. The vdW attraction makes up less than 10% of the total force, the 
bulk being due to ionic interactions. The vdW component was calculated theoretically, 
enabling the ionic component to be computed by the difference between the measured and 
vdW forces. This method could be applied to the experiments of Rayleigh5 discussed 
previously, ( see § 2.1 ) to determine the attraction between glass surf aces where ionic 
interactions are reduced. 
2.2.2.2 Soap Films 
A determination of vdW forces acting in thin soap films has been performed by 
Donners et al. 30 Soap solutions of a cationic surfactant, glycerol and 0.1 M NaBr were 
used. The high level of salt was required to suppress any electrostatic contributions to 
the force. This resulted in several experimental difficulties as the lack of a stabilising 
repulsive electrostatic force led to rapid thinning of the film and the formation of black 
spots in the film. These black spots are stabilised by salvation forces. 31 However, 
using a light scattering technique, measurements could be conducted in less than a 
second. It was found that faster draining films were preferable as the overall film could 
drain to much smaller thicknesses before regions of black films developed. By analysing 
the scattered light and correcting for stray light, the second derivative with respect to 
separation of the interaction energy in the water layer could be calculated for a water 
thickness range of 50 nm to 100 nm. Comparison with theory was reasonable, the 
results falling between the predictions of two theoretical models for a three layer film. 
Previously, the thinning of organic liquid thin films between two gas phases had been 
studied. 32 However, the scatter of the data was large and several reasonable but 
unproven assumptions were required. These included Reynolds flow behaviour of the 
film and the assumption that the interfaces are plane-parallel. 
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2.2.2.3 Wetting Films 
The repulsive van der Waals interaction energy between dissimilar materials can 
be investigated by adsorption studies. The dis joining pressure IJ132( d) of a thin film at 
constant temperature is defined as33 
ITm(d) = -[ iJE;~(d)] 
and also r 
' 
2.1 
ITm(d) = -~ ln(~J 
m P0 
2.2 
where, E 132( d) is the van der Waals interaction energy per unit area between half-spaces 
1 and 2 separated by distance d of medium 3 and V m is the molecular volume of a liquid 
film which is in equilibrium with its vapour at a relative vapour pressure of 1;ip
0
• The 
thickness of liquid helium films on alkaline earth fluoride crystals at very low 
temperatures have been measured34 and excellent agreement with Lifshitz theory is 
found. The vdW repulsion between quartz and air, separated by hydrocarbon, has also 
been measured35 by carefully controlling the vapour pressure of the liquid phase at room 
temperature and measuring the equilibrium thickness of the adsorbed film. The results 
again are in excellent agreement with Lifshitz theory. Blake in 1975,36 using the bubble 
against plate technique, measured the film thickness of n-alkanes between a bubble and 
an a-alumina plate as a function of the bubble pressure. The advantage of this technique 
over the adsorption techniques, is that films of much greater thickness can be measured. 
However the scatter in the data is significantly greater. Again good agreement with 
Lifshitz theory was obtained. 
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2. 3 Measurements in Liquids: 
DL VO interactions 
The measurement of DL VO interactions would appear to be a much simpler 
process than the measurement of vdW interactions alone for several reasons. The forces 
are often larger in magnitude, have a weaker distance dependence and are usually 
repulsive over most of their range. Additionally, the liquid itself serves to dampen spring 
vibrations caused by environmental disturbances. The experimentalist is the ref ore able to 
make use of weaker springs, leading to a commensurate increase in sensitivity. The need 
to carefully guard against static electrical charge is also removed. 
However, as these difficulties are removed or reduced new problems arise. The 
. primary obstacle to accurate interaction determinations is that of contamination. All 
surface force measurements require stringent procedures to ensure the cleanliness and 
integrity of the surfaces under investigation. When these surfaces are immersed in a 
fluid, particularly water, further contamination issues arise. Usually the surfaces and at 
least part of the force measurement system are immersed in solution, leading to the 
requirement that the mechanism is inert to the solution and extremely clean. The solution 
under investigation must also be carefully prepared to ensure that surf ace contaminants or 
particles are absent. Historically, the measurement of DL VO interactions has lagged 
behind the measurement of vdW interactions, this may be attributed to the technical 
difficulties associated with ensuring cleanliness, despite the comparative experimental 
ease of measuring repulsive .forces. 
2.3.1 Measurement Systems: Direct Methods 
Derjaguin and co-workers were the first to investigate DL VO interactions directly 
in 1964.37 The force barrier between two crossed platinum wires was investigated as a 
function of salt concentration and surf ace potential, using a revised version of the 
apparatus described previously and depicted in Figure 2.4. The arrangement was 
modified by enclosing the apparatus in an air tight cell, the lower part of which could be 
filled with the fluid being investigated. The platinum fibres were immersed in the 
solution and each fibre was electrically connected above the solution so that it may have a 
potential applied to it independently. A mirror was attached to one fibre, above the 
surface of the liquid. The deflection of the mirror was sensed in the same manner as a 
previous instrument15 using optical gratings and a photocell. The force was no longer 
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determined by a feed-back arrangement, rather the output to the photodiode was 
calibrated to yield the force directly. This system suffered heavily from an inability to 
determine the zero of separation. Therefore only relative distance measurements could be 
acquired. 
The interaction forces between rubber-glass and rubber-rubber surfaces separated 
by thin liquid films was investigated by Roberts and Tabor. 3s-4o The rubber surfaces 
used in these experiments were optically smooth and very easily deformed. Thus when 
surfaces were brought close to contact in liquid the rubber surface, or surfaces, would 
deform giving rise to a region of interaction that was of plane-parallel geometry. ( Note 
the slow approach of the surf aces prevented the dimpling associated with deformable 
surfaces). The thin film thickness was measured as a function of applied load or contact 
pressure. The film thickness and the region of flattening were determined optically using 
reflectance and Newton's rings. A beam splitting arrangement was required to improve 
the contrast of the rings as the refractive index change between the solid and solutions 
was insufficient to allow direct accurate observation of the rings. Poor characterisation of 
the rubber surfaces precluded simple comparison of the results obtained with theoretical 
DLVO calculations. However, the repulsive forces obtained on occasion exceeded the 
theoretical limit of infinite surface potential. This may be due to compression of 
asperities on the rubber surfaces or deviations from the plane-parallel geometry. A 
reduction in the decay length of the repulsion was seen with increasing salt concentration. 
Additionally, the apparatus could be used to measure tangential friction forces. Later 
work using this experimental arrangement41 on aqueous sodium dodecyl sulphate 
( SDS ) films yielded more reliable results . However, these results were analysed 
assuming surfaces of equal potential. It is unlikely that the rubber and glass surfaces will 
have the same potential and the results obtained are probably better described by an 
asymmetric model. By incorporating a silver layer on the silicone rubber spherical caps 
and applying a further layer of polymethylmethacrylate, the surface separation _could be 
detected by PECO. Using this improvement, Cain et al. 42 successfully investigated the 
steric and electrostatic forces in solutions of polyvinyl alcohol ( PV A ). 
· The interaction between a quartz plate and quartz sphere were measured in 
aqueous solution by Peschel and Belouschek in 1976.43 The arrangement is depicted in 
Figure 2. 7. The spherical surf ace was mounted on a balance arm via a cantilever spring 
above the rigidly mounted flat. Both surfaces and the tip of the balance arm were 
immersed in the solution under investigation. The balance arm is moved by passing a 
current through a solenoid. The displacement of the surf ace as a response to a change in 
current is calibrated when the surf aces are sufficiently far apart that no surf ace forces act. 
At closer separations, the deflection of the spring can be calculated, by the difference 
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between the movement of the balance arm and the change in separa
tion of the surfaces. 
The force is known from the calibration of the Hookean spring. Ea
rly results using this 
method required a steric component to be added to the calculated DL
 VO force to account 
for the results, perhaps due to significant levels of contamination o
r surface roughness. 
Later work yielded results in reasonable agreement with DLVO theor
y.43 
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Figure 2. 7 The apparatus of Peschel and Belouschek for the
 measurement of 
interaction forces between quartz surfaces in solution. Fluid is intro
duced through a tube 
(7) into the trough (2) and cleaned and drained by aspiration ( 1 ). Th
e upper surf ace ( 3) is 
a quartz spherical cap mounted on an arm of a balance beam and
 the lower surf ace is a 
quartz flat ( 4 ). The coarse surface separation is controlled using th
e micrometers ( 5) and 
monitored by observation of the interference fringes through the 
microscope (6). Fine 
separation control is achieved by adjusting a balancing mass (9)
 and application of a 
current through the coils of an electromagnet ( 11 ). The induced ma
gnetic field acts on an 
iron bar (10) attached to an arm of the balance beam which pivots at
 (8). 
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In 1978, Israelachvili and Adams44 published a landmark manuscript dealing with 
the direct measurement of forces in solution, following an earlier brief communication.45 
They found good agreement with DL VO at separations above a few nanometres. At 
smaller separations an additional repulsive force was seen, either due to steric 
interactions, hydration or contamination. The Surface Forces Apparatus ( SF A ) used in 
this investigation ( see Figure 2.8 ) has survived in various modified forms to be the 
instrument used in the majority of surface force measurements for the past twenty years. 
The instrument is derived from the earlier instruments of Tabor, Winterton and 
Israelachvili for the measurement of vdW forces discussed earlier, one of which is 
depicted in Figure 2.2. The apparatus does not differ from these earlier instruments 
considerably, in that the separation measurement ( FECO ) is unchanged. The use of a 
piezo tube enables the magnitude of the spring deflection to be determined from the 
difference between the piezo displacement and the change in surface separation. Earlier 
instruments were unable to determine the spring deflection, merely, i) the surf ace 
separation at which a jump into contact occurred or ii) the frequency response to a driving 
oscillation or iii) the absolute surface separation. ( Note the instrument of Peschel and 
Belouschek43 was able to detect spring deflection but with considerably poorer 
resolution). This advance would appear to be subtle but is crucial in enabling the 
instrument to be applied to a much greater variety of systems. The use of a piezoelectric 
tube to drive the rigid surf ace accurately known distances down to <0.1 nm, enabled the 
magnitude of the spring deflection to be calculated by the difference between the applied 
change in separation due to the piezo and the sensed change in separation using FECO. 
The requirement that the surfaces be held in solution whilst the piezoelectric tube 
remained dry , required simple modifications to the arrangement of the relative 
components and the possibility of contamination from the fluid chamber required careful 
material selection. Later versions of the apparatus were easier to clean, assemble and 
possessed improved methods of coarse separation control, 46 but the principles of 
operation were unchanged. Still further improvements have incorporated the use of 
magnetic forces to control surface separation,47 a magnetic force feed-back 
arrangement48 and the use of a piezoelectric bimorph to detect surface forces. 49 The 
Surface Force Apparatus and its many improved versions have been successfully applied 
to many systems. The technique has also been adapted for use with surfaces other than 
mica, including, silica,50 alumina,51 platinum,52 and silver-mica53 although generally the 
perf orrnance suffers. 
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Figure 2.8 The Surface Forces Apparatus ( SFA ). Light from a white light source (7) 
is transmitted through the interacting surf aces and into the spectrometer at ( 1) via the 
microscope objective (2 ). The piezoelectric tube ( 3) is used for fine separation control. 
The crossed cylindrical surfaces (5) are mounted below the level (4) of the solution (6). 
The apparatus is emptied through the drain (8). Coarse surface separation adjustment is 
achieved by the action of the rods (9) against a stiff double cantilever spring ( 11) and a 
helical spring ( 12 ). An air vent is incorporated in the top of the instrument ( 10 ). 
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Tonck et al. 54 in 1987 developed an instrument to measure forces between 
alumina surfaces separated by liquid ( see Figure 2.9 ). The separation of the surfaces 
and the deflection of the spring were determined using capacitance gauges. The only new 
feature introduced by this instrument is that separation control was achieved using a 
thermal expansion frame to which the rigid surface was attached. Static measurements or 
dynamic measurements could be conducted due to the incorporation of a piezoelectric 
device between the expansion frame and the rigidly mounted surf ace. The results 
obtained suffered from surface roughness and a hysteresis effect, the cause of which is 
unclear. 
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Figure 2.9 Apparatus of Tonck et al. for the measurement of forces between alumina 
surfaces. The su,face separation is controlled using a thermal expansion frame ( 1 ). 
Dynamic measurements are conducted by oscillating the alumina sphere ( 6) using the 
piezoelectric device (2) to which it is adhered ( 3 ). The liquid medium (7) is placed 
between the sphere and the alumina flat (8), which is supported by a frame (9). The 
su,face separation and the double cantilever spring ( 5) deflection are monitored by two 
capacitors ( 4) and ( 10 ). 
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In the late 1980's the development of the Atomic Force Microscope55 ( AFM ), 
enabled the measurement of surface force interactions of remarkable sensitivity. Force 
sensitivities of better than 10-13 N being achieved. Imaging is achieved by rastering the 
fine tip of a weak spring across the surface and detecting the deflection of the spring. 
The spring deflection can be detected by a variety of methods. Originally the deflection 
was determined by the tunnelling current between the back of the cantilever and another 
tip,56-58 a method comparable to Scanning Tunnelling Microscopy. Other methods 
employed are, optical interference, 59 •60 capacitance, 61 •62 and an optical lever 
technique. 63 ,64 The latter method has become widely used due to its simplicity, 
reliability, and importantly its ability to be utilised with the cantilever in solution. 
The AFM has also found application in the direct study of surf ace forces. 65 ,66 
The deflection of the spring is monitored as a function of displacement and provided the 
spring constant is known the force versus distance profile can be obtained by application 
of Hooke's law. The interaction between a smooth sphere mounted on a cantilever and a 
very smooth substrate is measured. The interaction geometry is well defined allowing 
comparison with theory through the Derjaguin approximation.2 This technique has some 
distinct advantages over other methods of direct force measurement; a variety of different 
surfaces can be investigated,67-71 a large range of approach rates are possible and many 
repeat measurements can easily be performed and analysed. 
The optical lever technique involves focussing a light source on the back of the 
cantilever. The light reflected is directed onto a split or quadrant photo-diode via a 
mirror. Any movement of the spring results in the light spot moving vertically across the 
face of the photo diode leading to a voltage change at each half of the diode. The 
movement of the spot is monitored by the difference in voltage between the two halves of 
the split diode, A and B, and is normalised by the total signal giving the dimensionless 
value (A - B)/(A + B). When imaging, the instrument is operated in a feedback mode 
where the surface separation is controlled by adjusting the height of the substrate to 
maintain constant spring deflection. In force mode, the substrate is moved relative to the 
spring and the deflection of the spring is recorded. Fine separation control is achieved by 
expanding and contracting a piezoelectric crystal, by application of a voltage. A more 
complete discussion of this technique is given in Chapter Three. 
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2.3.2 Measurement Systems: Indirect Methods 
Flotation, clay swelling, the stability of biological systems, inorganic colloids and 
free foams are just a few systems where thin liquid films present on solids or solids 
interacting across a liquid, are of great interest to colloid science. The surf ace forces 
acting in these systems may be investigated by a great many different means. A few of 
these systems are discussed here, in particular those that have proven to be useful in the 
wider understanding of other colloidal systems. 
2.3.2.1 Soap Films 
The earliest accurate method of measuring DL VO interactions is due to Derjaguin 
and co-workers. 15 A thin soap film was formed between two air bubbles formed under 
application of external pressure. The equilibrium thickness of the free film formed is 
calculated from the reflectance coefficient which is measured from the incident light 
reflected by the film. Simultaneously, the excess applied pressure in the thin film is 
measured by a manometer. Using this simple method, film thicknesses of between 
150 µm and 10 nm were able to be investigated depending on the solution being 
studied. DL VO behaviour was seen at large film thicknesses and some soap films were 
stabilised by hydration, forming stable "black" films. Investigations of aqueous alcohol 
solutions found that the film thickness decreases with time leading to film lifetimes of 10 
to 50 seconds. Solvation forces were further investigated using cationic surfactant 
solutions to form soap films on a wire frame in equilibrium with a bulk reservoir.31 The 
equilibrium film thickness was measured by the reflectance method with varying 
concentrations of N aBr up to 10 M producing films down to 5 nm thick. The dis joining 
pressure was found to tend asymptotically to a limiting value of 4 nm. Alternatively, for 
thin hydrocarbon films the thickness can be determined by capacitance measurements.72 
The equilibrium thickness of soap films as a function of external applied pressure 
has been investigated73 by forming a film between porous porcelain disks in a pressure 
vessel. This method is useful at large film thicknesses where a small change in applied 
pressure can lead to a measurable change in film thickness. The film thickness is again 
detected by reflectance. 
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2.3.2.2 Wetting Films 
As discussed earlier, in relation to vdW forces, investigations of the equilibrium 
film thickness of wetting films can yield quantitative force information. Hence 
adsorption studies of water on surfaces, in particular silica can be used to investigate 
DL VO interactions. This approach was first suggested by Langmuir74 in 1938, who 
derived an equation to relate the surface potential, to the film thickness. Langmuir's 
model assumes that no potential exists at the air-liquid interface and the potential at the 
silica-liquid interface is constant. Experimental investigations however yield wetting 
films that are considerably thicker than can be justified by DL VO theory alone.75,76 This 
was, at first, explained by inadequacies of the Langmuir model ( i.e. a charge on the 
aqueous air interface and deviation from constant charge ) and hydration or silica hairs. 
However later analysis, 77 has shown that the results are of the wrong form, decaying 
with the inverse of the film thickness for separations of <30 nm and are therefore not 
DL VO in origin. The most probable explanation is that when adsorption of water occurs 
on a dry surface the energetics of this process are able to solubilise a fraction of a 
monolayer. The solute produced lowers the vapour pressure of the film, hence the film 
thickness increases for any given vapour pressure. These difficulties preclude the 
measurement of adsorption wetting films of aqueous solutions on most surfaces as a 
means of investigating DL VO interactions. 
2.3.2.3 Many Particle Systems 
The stability of latex dispersions is of great industrial importance. Depending on 
the type of latex and the additives used, stability can be due to electrostatic or steric 
interactions. In 1971, El-Aasser and Robertson 78 investigated the height of the energy 
barrier to coalescence of electrostatically stabilised latex as a function of pH. Coalescence 
was achieved by centrifugation. The density of their latex was near unity, necessitating 
the addition of a non-electrolyte solute to raise the density of the medium without 
affecting the latex stability. The steady mass of non-dispersable latex film formed was 
measured as a function of centrifuge speed, which is easily converted to force and 
pressure. This technique unavoidably produces a force gradient in the sample 
complicating determination of the interaction. Later work 79 with latex, was designed to 
yield the force versus distance profile between two latex particles from the behaviour of 
many latex particles. The equilibrium pressure in the dispersion is measured as a 
function of volume fraction of latex. This required an assumption of a close packing 
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structure of the latex particles to relate the volume fraction to the inter-particle distance. 
This assumption is reasonable but neglects defects in the packing structure. 
Experimentally, several different methods have been adopted to control either the volume 
fraction or the pressure. The application of external pressure being superseded by 
osmotic techniques where the volume fraction of solid is measured as a function of the 
osmotic pressure. 80 A study of the interaction forces in a sterically stabilised latex by 
both the osmotic technique and direct force measurement using mica substrates was 
conducted by Costello et al. 81 Qualitatively, the results were in agreement, however the 
osmotic studies gave interaction forces approximately an order of magnitude greater. The 
origin of this discrepancy is not clear. The conformation of the uncharged polymers on 
the surface may have differed, although the authors stated that the presence of insoluble 
portions should result in the polymer adsorbing equally on either a latex or mica surface. 
Deformation of the latex would have led to an overestimate of the separation and an 
underestimate of the force. This may occur if the measurements are conducted at 
sufficiently high temperatures. A study comparing the measured interaction potential 
using the SFA and the calculated mean interaction potential from light scattering found 
excellent agreement, 82 suggesting that using the interaction per unit area to describe 
surface forces is valid for surfaces of macroscopic and colloidal dimensions. 
Measurements on dispersions of latex spheres were conducted by Barclay et al. 
and extended to include montmorillonite clay platelets. 83 The experimental arrangement 
consisted of a porous disk and an elastic membrane between which the montmorillonite 
platelets were confined. External pressure was applied to the elastic membrane causing 
solvent to be expelled through the porous disk and into a capillary, enabling the change in 
volume to be measured as a function of pressure. The distance between the plates was 
calculated using the surface area and concentration of the plates. A reduction in the force 
between the initial and subsequent measurements was found and confirmed by others,84 
resulting from the alignment of clay platelets. Later, Viani et al. 85 measured the particle 
spacing by X-ray diffraction and found that the swelling behaviour was independent of 
surface charge and therefore inconsistent with DL VO behaviour, but rather was due to the 
pre3ence of hydration layers on the clay surfaces. 
42 
( 
Measurement of Suiface Forces 
2.3.2.4 Individual Particle Systems 
Alexander and Prieve86 developed a system to measure the interaction between a 
single polystyrene latex sphere and a flat plate. A dilute solution of spheres are allowed 
to settle in solution. Due to the like charges on the plate and spheres they do not adhere. 
Rather, the sphere will remain suspended above the plate at an equilibrium height, due to 
gravitational, electrostatic and vdW forces. The height at which the sphere resides will 
fluctuate due to Brownian motion. By inducing shear flow in the cell, the height of the 
sphere at a given time can be determined from the measured translational velocity. The 
change in height represents a change in potential energy and can therefore be described by 
a Boltzmann distribution and a potential energy profile can be deduced. Measurement of 
the size and density of the particle allows the potential energy due to gravitational forces 
to be deducted, yielding the interaction potential due to surface forces. This method 
suffers from errors associated with the height determination. Unwanted changes in flow 
rate effect the data and hydrodynamic lifting of the particle in viscous solutions is 
problematic. A development of the technique87 avoids these problems by utilising total 
internal reflection microscopy to determine the height of the particle above the plate. 
When the angle of incidence of a light ray to the normal is above a critical angle, the 
refracted light ray will travel parallel to the interface. The electric field associated with 
this wave decays exponentially with distance from the substrate and is termed an 
evanescent wave. When a colloidal particle interacts with the evanescent wave, light is 
scattered. The intensity of the reflected light is an exponentially decreasing function of 
the distance between the particle and the plate and can be used to accurately determine 
changes in the particle height. The height data obtained is analysed as before. This 
technique requires spherical particles that have a refractive index considerably different to 
the liquid medium. Additionally, the plate is required to be optically clear and of 
refractive index high enough to produce a sufficiently intense evanescent wave. This 
method is found to produce excellent force versus distance data for DL VO interactions88 
and also for systems exhibiting depletion forces. 89 A further improvement of the 
technique has been the application of light pressure to alter the position of the latex 
particle. In this way the latex sphere can be prevented from moving laterally and 
additionally, a further force can be exerted on the particle to probe separations that are far 
from the equilibrium position. An alternative height sensing technique90 uses the 
Newton's rings formed by interference between the light scattered by the colloidal particle 
and the incident light. The separation between maxima of the 1st and 2nd order is 
dependent upon the distance between the particle and the substrate. By analysing the 
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intensity of light at a fixed radial distance from the central maxima, the height can be 
calculated absolutely, if the intensities of the 1st and 2nd order maxima are known. 
Van de Ven and co-workers91 •92 have developed a technique whereby the forces 
of interaction between individual latex particles can be studied to a high degree of 
accuracy by colloidal particle scattering ( CPS ). A large number of collisions between a 
moving and a stationary particle, which is adhered to the wall of a capillary, are required 
in order to produce an accurate interaction profile. The trajectories of the moving particle 
before and after the collision are carefully measured optically with the assistance of image 
enhancing software and a light microscope. The force distance relationship is yielded by 
trajectory inversion calculations. This requires the assumption of a force-distance profile, 
usually of a DL VO type, with several adjustable parameters, which are fitted by matching 
calculated trajectories with experimental trajectories. Accurate determinations require the 
analysis of many collisions. Collisions are produced by moving a lower plate in order to 
induce mobile particles to collide with the stationary particle on the upper plate. This 
creates a shear flow between the plates which effectively sets the free particle in motion 
leading to collisions. The x and y coordinates of the trajectory are captured using image 
analysis , whilst the z coordinates are calculated by analysis of the velocity of the sphere 
and the shear flow . Solutions of high viscosity have been used to minimise the effect of 
brownian motion on the collisions. The method is sensitive enough to yield force 
information on the secondary minimum with a depth of only 1 kT. This method should 
be applicable to other colloidal solutions provided they are stable ( i.e. do not adhere ) 
and are spherical and smooth. The biggest disadvantage of this method is that the force 
profile obtained is model dependent. Thus if a high order polynomial is used, the force 
profile exhibits oscillations, whereas with a DL VO type fitting no oscillations are seen. 
Whether oscillations are truly present or not, cannot be determined from this technique 
alone. However, given the knowledge of these interactions, gained theoretically and by 
direct force studies, the technique is powerful for the determination of forces to a high 
degree of accuracy between colloidal particles. 
2.3.2.5 Bilayers 
Lecithin bilayers in equilibrium with dextran solutions also reveal a short range 
repulsion, attributed by some to hydration. 93 The dextran molecules are large and do not 
enter the lecithin bilayers , preventing the need for a semi-permeable membrane. 
However, they do exert an osmotic pressure on the lamellar phase, resulting in a decrease 
in spacing upon the addition of dextran. The lecithin spacings are measured by X-ray 
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diffraction. Externally applied pressure and vapour pressure techniques similar to those 
discussed for wetting films earlier, ( see § 2.2.2.3 ) were later applied to these lamellar 
systems in order to cover a greater range of equilibrium separations,94 revealing an 
exponential decay in the force law and good agreement between techniques . Many 
systems were studied revealing that the repulsive forces are dependent upon head-group 
type and hydrocarbon chain structure.95 •96 Later, using cationic double chained 
surfactants in low salt, these methods were used to measure the transition from the 
electrostatic to hydration force regime.97 More recent scattering studies98•99 have shown 
that the repulsion is not due to hydration forces but rather to undulation forces , which 
were first described by Helfrich. 100 
2.4 Summary 
Clearly, many techniques can be used to determine the interaction forces 
applicable to colloidal systems. Each system has a unique range of applicability that is 
governed by the limitations and advantages of the technique. As such the techniques are 
complimentary and, as a whole·, have contributed substantially to a more complete 
understanding of colloidal stability. 
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Chapter Three 
Surface Force 
Measurement using a Light 
Lever Instrument 
3.1. Introduction 
A revolution in direct force measurement began in 1978 when Israelachvili and 
Adams 1 reported the measurement of DL VO forces between macroscopic solid surfaces 
immersed in aqueous electrolytes. The separation distance between these molecularly 
smooth mica surfaces could be accurately and directly measured using interferometry and 
the force obtained by measurement of the deflection of a spring. Although many practical 
problems were encountered, the forces in many cases were found to be in complete 
agreement with DLVO theory.2 
Although the Surface Forces Apparatus ( SFA) technique has been successfully 
applied to the detailed study of surface interactions, it is limited by the requirement that 
the substrates are i) composed of thin ( µm) sheets, ii) molecularly smooth on both faces 
over a relatively large area of several square centimetres, and iii) semi-transparent. So 
far, the technique using mica substrates, has only been extended to include silica,3 
platinum4 and alumina. 5 These substrates are difficult to handle and the method is most 
effective with mica substrates. A new technique has recently been developed, using an 
Chapter Three 
atomic force microscope, that overcomes some of these limitations and has several other 
advantages. 
The development of the Atomic Force Microscope ( AFM )6 or Scanning Probe 
Microscope ( SPM ) has provided a means to image rigid surfaces down to atomic 
resolution in any transparent fluid. The high resolution is achieved by accurately 
detecting very small deflections of a weak cantilever spring possessing a sharp tip, as the 
surf ace being imaged is rastered beneath it. The spring deflection has been sensed by a 
variety of methods. Originally the deflection was determined by the tunnelling current 
between the back of the cantilever and another tip,7-9 a method analogous to Scanning 
Tunnelling Microscopy. Other methods employed are, optical interference, 1 o, 11 
capacitance, 12,13 and an optical lever technique. 14•15 The latter method has become 
widely used due to its simplicity, reliability, and importantly its ability to be utilised with 
the cantilever immersed in liquid. 
In 1991, a commercial AFM ( Digital Instruments, Nanoscope II) was adapted to 
detect the spring deflection resulting from the interaction of a colloidal particle attached to 
the tip with a flat substrate of the same material, immersed in a range of aqueous 
electrolyte solutions. 16 Using this technique, forces on the scale of true colloidal systems 
were measured directly for the first time. The results obtained using a silica glass colloid 
and flat were found to be in good agreement with the DL VO theory down to surface 
separations of about 3-4 nm. The change in decay length with added electrolyte also 
agreed with theory. 17 In addition, the surface electrostatic potentials extracted from the 
DLVO theoretical fits are consistent with values obtained using other techniques, such as 
micro-electrophoresis. As observed in earlier studies, using other techniques, the forces 
were found to be strongly repulsive at short range, rather than attractive as expected from 
the effect of the van der Waals component of DLVO theory. These repulsive forces are 
thought to be caused by the salvation of the silica surfaces due to the hydrogen bonding 
between the surface silanol groups and adjacent water layers. The range expect~d for this 
type of interaction is a point of some controversy but appears to be up to 1-2 nm from 
each surface. 18 
The versatility of this new colloid probe technique is well illustrated by many of 
the studies since 1991, using colloidal materials such as ZnS, 19 polystyrene, 2 0 
polypropylene,21 alumina, titania,22 zirconia23 and gold.24 A further advantage of the 
AFM technique is the ability to study the interaction between two different surf aces, of 
relevance to hetero-coagulation. 19 
Although commercial AFM instruments have been successfully adapted for the 
measurement of colloidal forces, they have been designed primarily for surface imaging 
and as such have recently attracted some criticism based on the digital control of the 
52 
:, 
,ii 
I 
I 
Ii 
I 
I 
' 
l 
The Light Lever Technique 
piezo. The stepwise movement of the piezo can lead to oscillations of the cantilever and 
an apparent hysteresis in the force curve.
25 In this Chapter the development of a light 
lever device similar to the Digital Instruments AFM is described. The instrument is 
operated by software designed to give almost complete control of surf ace separation and 
monitor surface forces under both very slow and very fast interaction conditions. Using 
this device, DL VO, steric, structural, hydrophobic and hydration forces are measured. 
3.1.1. The Light Lever Method 
A new instrument for the measurement of surface forces has been developed and 
dubbed the Light Lever Instrument for Force Evaluation ( LLIFE ). This instrument 
makes use of the light lever technique as do the majority of AFMs. Before discussing the 
specifics of the LLIFE, the principles of the light lever method are revised. The method 
detects the interaction between two surf aces using reflected laser light to detect the 
deflection of a spring. The arrangement is depicted in Figure 3 .1. The reflected light is 
directed onto a split or quadrant photodiode via a mirror. Any movement of the spring 
results in the light spot moving vertically along the face of the photodiode and leads to a 
differential voltage change. The movement of the spot is monitored by the difference in 
voltage between the two halves of the split diode, A and B, and is normalised by the total 
signal giving the dimensionless value (A - B)/(A + B). Instruments designed to image are 
often operated in a feedback mode where the surface separation is controlled by adjusting 
the vertical displacement of the substrate to maintain constant spring deflection. This 
occurs as the sample is translated with respect to the tip. When measuring forces, the 
substrate is moved only in a normal direction to the tip and the deflection of the spring is 
recorded. 
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Imaging 
A 670nm 
Mirror\ 
Cantilever -
Substrate 
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measurement 
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I 
Figure 3.1 A schematic showing the operation of the Atomic Force Microscope in the 
Imaging and Force modes. In imaging mode, the diode signal and thereby the deflection 
of the cantilever, is maintained constant. This is achieved by adjustment of the sample 
height using the piezo tube, as the substrate is rastered beneath the cantilever probe. In 
force mode, the piezo is expanded and contracted in the z-direction thereby changing the 
separation between the substrate and the cantilever. Concurrently, the deflection of the 
cantilever is detected at the photodiode. 
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The Light Lever Technique 
3. 2. A New Surface Force 
Instrument 
Following is a description of a new instrument, LLIFE, that employs the light 
lever technique for the measurement of surface forces. The features and operation of the 
instrument are described and numerous experimental results presented. 
3.2.1. Separation Control 
Control of the surface separation can be achieved by two means. A coarse 
adjustment can be made using the micrometers that support the Light Lever Assembly 
head, illustrated in Figure 3.2. The force sensing spring can be raised or lowered in 
relation to the substrate in this manner. Changes in separation of as little as 100 nm could 
be made. Fine separation control was obtained by displacement of the substrate which 
was attached to a piezoelectric tube ( PZT4, Morgan Matroc Ltd). Piezoelectric tubes are 
a ceramic composed of many aligned piezoelectric crystallites. Piezoelectricity is a 
property of crystalline materials that are non-centrosymmetric. When mechanical 
pressure is applied to one of these materials, the crystals polarise and a voltage is 
produced which is proportional to the pressure. Conversely, when an electric field is 
applied, the crystalline structure changes shape producing a dimensional change in the 
material. Operating in this manner, piezoelectric materials can be used as precise 
electromechanical displacement transducers. The piezoelectric tube was expanded and 
contracted by application of a DC voltage ranging from -500 to +500 volts. For the piezo 
used here this gave a distance range of about 2 µm, with a distance resolution of 
<0.05 nm. The curie temperature of the piezo tube is 325°C thus ensuring that even 
extended continuous use would not effect the expansion characteristics of the piezo tube. 
The instrument can be fitted with other piezo tubes giving smaller ranges for precision or 
larger ranges of more than 6 µm. The voltage supplied to the piezo tube can be 
controlled manually or remotely by computer. In practice, the micrometers are used to 
bring the surfaces within range of the piezo extension and the piezo tube is used to control 
the surf ace separation during measurement. 
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The Light Lever Technique 
3.2.2. Measurement of Spring Deflection 
The Light Lever assembly, depicted in Figure 3 .2, has several noteworthy 
features. The cantilever spring can be mounted in a commercial Nanoscope fluid or air 
cell or, alternatively, in purposely constructed cells.26 Both commercial and custom 
made springs can be used. The cell was positioned using a kinematic mount to ensure 
that no movement of the cell occurs once clamped in place. The photodiode was fixed in 
an X-Y translator which enabled optimum light capture. Also, the diode was mounted on 
a swing arm so that it can be moved aside to enable viewing of the laser spot position on 
the cantilever. This simplified the alignment of the laser beam on the tip of the cantilever 
and also allowed a clear view of the substrate. The photodiode housing was designed to 
accommodate a variety of photodiodes. The diode can be changed quickly and easily 
allowing for comparison of different photodiodes and selection of the most suitable 
diode. Up to four photodiodes can be hard wired into the computer in the current 
configuration. 
3.2.3. Instrument Control 
The laser diode is operated by a current supply developed by Bradley et al., 
27 
designed to minimise fluctuations in light intensity. The current to the laser was raised 
manually until any further increase produced no further increase in voltage at the 
photodiode, and then increased a further 10%. This ensured that the photodiode response 
was proportional to the incident laser light on the photodiode. 
The analogue output of the photodiode was digitised ( 16 bit ) via an analogue 
breakout box using a MacADIOS II/16 ( GW Instruments) card installed in a Macintosh 
Quadra 700. Piezo control was either manual or via a 16 bit interface card. Typically one 
bit corresponds to a voltage change of 15 m V or a piezo extension of approximately 
30 picon1etres. 16 bit control of the piezo tube greatly reduces artefacts due to 
digitisation as described by Siedle and Butt.25 They reported that the discrete steps of the 
piezo movement due to digital control cause the cantilever to oscillate leading to 
uncertainty in the (A - B)/(A + B) value. The step size is decreased 16 times when 16 bit 
control is used in preference to 12 bit control and a corresponding decrease in oscillations 
is expected. The instrument was controlled using Superscope IIE software ( GW 
Instruments), as illustrated in Figure 3.3. The Superscope software was programmed to 
calculate and display the (A - B)/(A + B) diode signal, the individual diode signals A 
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and B and the piezo ramp waveform. Numerous waveforms were possible, from simple 
triangle or sinusoidal waveforms to user defined forms. The software could also be used 
to average diode signals over numerous iterations thereby reducing noise, this is 
discussed in detail later. The software enables simple control over a range of ramping 
waveforms, ramping rates, signal digitisation, data manipulation and data storage. Full 
ramps could be applied in less than 50 ms depending on the number of data points 
captured. The length of run times were limited only by instrumental drift, which could be 
substantially reduced by good thermal control. 
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Figure 3.3 Interactive front panel employed to control the Superscope !IE software 
which was used to operate the LLIFE. Note that the A and B diode signals are.displayed 
in the upper left portion of the screen. The diode response is shown at the bottom of the 
screen and the piezo ramp at the top of the screen on the right. The data displayed can be 
magnified and scrolled to allow close inspection of different regions of the waveforms. 
Switches and controls are presented along the top of the screen. 
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Figure 3.4 An example of the raw data produced by the LLIFE instrument. The 
vertical scale is the dimensionless response of the photodiode (A ~ B )/(A + B ). The data 
may be divided into three zones. 1) The compliance region. Here the probe and 
substrate are in contact and the substrate is not yielding. In this region any movement of 
the substrate is matched by the cantilever. Therefore this region can be used to calibrate 
the response of the normalised diode signal to cantilever deflection. The data in this 
region is also used to define the zero of separation. 2) The region of interaction. The 
data in this region contains the desired information on how the su,faces are interacting as 
a function of distance. 3) Baseline region. At large separations no measurable su,face 
forces are acting on the cantilever. The data in this region is used to define the zero of 
force. This figure also demonstrates the LUPE Scaling software. The horizontal line is 
selected by the user to determine the zero of force. The arrow indicates one end of a 
sloping straight line that is used to select the compliance. When these selections have 
been made the scaled force curve is displayed. 
The stored diode signal versus distance data was converted to a force curve in the 
usual manner. 17 The diode signal versus distance curve can be divided into three zones 
as shown in Figure 3.4. At large separations, where there is no surface interaction, the 
diode signal is constant. This serves as an indicator of zero force. The next zone is that 
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in which the surfaces are interacting and essentially contains the force versus distance 
information desired. The final zone is the compliance region, where the probe is in 
contact with the substrate and the substrate is not yielding. In this region the spring 
deflection is equivalent to the movement of the substrate generated by the piezo tube, 
assuming the compliance of the cantilever greatly exceeds the compliance of the substrate. 
This linear region serves to calibrate the change in diode signal (A - B)/(A + B) in 
terms of the deflection of the cantilever. In addition, the deflection of the spring effects 
the separation of the surfaces. The distance data derived from the piezo voltage must be 
modified to account for this. Know ledge of the spring constant gives the magnitude of 
the force for any degree of deflection. An acceptable diode response must exhibit both a 
constant diode signal at large separations and a linear change in diode signal with . 
distance, in the compliance region. Software was written that enabled easy scaling of raw 
force data given the spring constant and the probe radius. The slope in the compliance 
region and the diode signal at zero force are chosen graphically, the distance and 
corresponding force normalised by the probe radius values ( FIR ), are calculated for each 
data point and the file saved in text form. Figure 3 .4 illustrates the use of this software in 
converting raw force data to a scaled force curve. 
3.3. Materials and Methods 
Interaction forces between a silica flat and a 20 µm diameter silica sphere 
( Polysciences) were measured in water and aqueous solutions of NaCl ( BDH, AR 
grade, roasted at 500°C for 5 hours ) . The sphere was fixed to the tip of a N anoscope 
Si3N4 cantilever spring, using Epikote resin ( Shell ) following the method developed by 
Ducker et al. 17 An electron micrograph of a colloid probe is shown in Figure 3 .5. The 
flat and sphere w-ere plasma treated ( 0.65 torr H20, 0.10 torr Ar, 10 W, 45 s ) to 
ensure cleanness and complete hydroxylation of the surface. The interaction between 
silica surfaces in solutions containing a range of concentrations of the cationic surfactant 
cetylpyridinium chloride ( CPC), were measured in a background of 0.1 M NaCl. All 
water used in these experiments was passed through a coarse lambs wool filter, reverse 
osmosis membrane and activated charcoal column before single distillation and storage in 
a laminar flow cabinet. 
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Figure 3.5 A cantilever of spring constant 0.21 Nm- 1 ( Nanoscope ), after a ~20 µni 
diameter silica sphere has been attached to the tip. 
The effect of a non-ionic water soluble polymer, polyvinylpyrrolidone ( PVP, 
Aldrich ) , and a lamellar AOT ( Aerosol OT®, Cyanamid ) phase on the interaction 
forces between silica surfaces were also studied. The polymer sample was of special 
grade, supplied by Aldrich, with an average molecular mass of 40,000 Daltons and was 
used without further purification. pH measurements revealed that the polymer solutions 
were acidic. A titration with NaOH demonstrated typical strong acid-strong base 
behaviour indicating that the acidity arose from an impurity and was not due to the 
presence of acid groups on the polymer. Indeed, strong acid may have been used to 
quench polymerisation in the manufacture of the polymer as polymerisation proceeds 
under alkaline conditions.28 The aqueous lamellar phase consisted of 15% AOT and 
1.9% NaNO3 by weight. 29 The sample was allowed to equilibrate at 25°C with frequent 
shaking over a period of about 10 days. 
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3.3.1. Spring Constant Determination 
In order to scale direct force measurements, the spring constant must be known 
accurately. This value can be calculated or measured directly. Microfabrication of the 
cantilever springs used in atomic force microscopy30 has allowed imaging techniques to 
progress rapidly, however the very small size of these cantilevers makes direct calibration 
of springs for force measurement difficult. Calibration methods reported in the literature 
require assumptions to be made regarding the mass of the cantilever31 or of objects placed 
on the cantilever.31 ,32 A further method, applicable to very weak springs, gives a 
calibration of the spring from the perturbations due to thermal fluctuations. 33 
Two direct methods are widely employed and have been used for experiments 
reported in this thesis. The first requires the 1neasurement of the resonant frequencies of 
the cantilever before, and after, the addition of a small mass to the tip of the cantilever. 31 
The spring constant, k, is then calculated using the result, 31 
M 
k = (2n)2 (ll v;) ~ (11 v;) (3.1) 
where v: and vi2 are the resonance frequencies before and after addition of the 
test mass respectively and M is the mass added. The calculation when applied to V 
shaped cantilevers requires that they are approximated by two rectangular beams. In 
practice v; and v~ have to be chosen from a frequency spectrum that may contain 
spurious frequencies and overtone frequencies. Generally the appropriate frequency is 
identified by a very strong peak, with the overtones being at higher multiples of the main 
frequency. The determination of the test mass cannot be done directly and requires 
calculation from the volume using the measured radius. The density of the material 
( usually tungsten ) is assumed to be unchanged from bulk samples. 
The method of Senden and Ducker,32 uses the bending of the cantilever, 
produced under gravity, due to a mass placed at the tip of the cantilever. The diode value 
( which is proportional to (A+ B)/(A - B) ) is recorded when the instru1nent head is 
held upright and when it is inverted. The difference between the two values is 
proportional to the deflection of the spring ( i.e. twice the tip displacement ) under 
gravity. The change in diode signal is converted to displacement by calibration of the 
diode response, using the compliance region of a force curve. Thus the absolute 
deflection of the spring is determined and the spring constant, k, is given by, 
k == 2mg 
X 
(3.2) 
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where m is the mass of a sphere placed on the tip of the cantilever, g is the 
acceleration due to gravity and x is the displacement calculated from the diode response 
between the upright and inverted positions. The factor 2 is necessary as the calculated 
displacement measured is due to the addition of the effect of gravity for both the upright 
and inverted configurations. To successfully apply this method several considerations 
must be satisfactorily met. The light lever arrangement of the instrument must be 
completely unaffected by the inversion. This requires that the laser diode, the cantilever 
cell, the cantilever within the cell and the diode mount are all held rigidly. Further the 
instrument head in both the upright position and inverted position should be held very 
near to vertical. The mass of the sphere, attached to the tip of the cantilever, must be 
accurately determined. This cannot be measured directly but must be calculated from the 
diameter, measured by scanning electron microscopy and the density of the material. 
Determination of the spring constant by calculation requires know ledge of the 
Young's Modulus for the material from which the spring is made and accurate 
measurement of the dimensions of the spring, in particular the thickness. The use of 
literature values for the Young's modulus can be misleading, especially for vapour 
deposited films such as Si3N431 , as the film may vary in composition. In addition, recent 
theoretical calculations have shown that the equation used to calculate the spring constant 
from literature material properties is inaccurate for the V shaped cantilevers typically 
used.34 
3.4. Results and Analysis 
3.4.1. Diode Response 
In order to obtain meaningful force versus distance data, it is necessary that the 
response of the photodiode is linear over a range encompassing the experimental values. 
Optimum, linear response is obtained for a laser spot positioned in the centre of the split 
diode , as illustrated in Figure 3.6. Experiments are usually conducted with 
(A - B)/(A + B) values of between +0.1 and -0.1, which is in the linear response 
region. Analysis has shown that whilst the gap between the diode elements decreases the 
sensitivity, it has no effect on the linearity of response. Further, variations in the size of 
the spot have no effect on the linearity of the response, in the central region of the diode. 
Variations in the ellipticity of the spot do not effect the linearity, provided the axis of 
ellipticity is at right angles or parallel to the diode axis. In practice the linearity of the 
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diode response is found to be extremely high as demonstrated in the compliance regime 
shown earlier in Figure 3.4. Forces as small as 0.1 nN can routinely be detected with 
this method, due to the. sensitivity of the light lever arrangement and the very weak 
springs that are utilised. 
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Figure 3.6 Calculated split diode response for a circular laser light spot versus position 
on the diode. The voltage ( A and B ) generated by each element is proportional to the 
area covered by the light. The experimentally important parameter (A - B)l(A + B) is 
shown to vary linearly when the light spot is centrally located. In practice, experiments 
are conducted with (A - B)l(A + B) values between -0.1 and +0.1. 
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3.4.2. Calibration of Weak Cantilever Springs 
Weak springs were used from two different wafers of cantilever springs denoted 
Batch #6 and Batch #7. On each cantilever substrate there are four cantilever springs of 
differing dimensions. Only the stiffest of these springs were used from Batch #6. The 
average spring constant for this spring had previously been determined by Meagher
35 to 
be 0.18+0.04 Nm- 1 using both the methods of Senden32 and Cleveland. 
31 Spring 
constants of the stiffest and weakest of the four springs from Batch #7 were determined 
using the method of Cleveland. 31 Masses of between 14 ng and 46 ng were used. This 
yielded values of 0.213 Nm- 1 ( +0.008 ) for the stiffer spring and 0.035 Nm- 1 
( ±0.005 ) for the weaker spring. The values in brackets are the standard deviations . 
When scaling force curves values of 0.21 Nm-1 and 0.035 Nm-1 were used. Attempts at 
verifying these values using the method of Senden failed as the light lever arrangement 
was found to be insufficiently stable during the inversion process, preventing accurate 
determination of the deflection of the spring. This was found both for the LLIFE 
instrument and the N anoscope II. (Note: Spring constant determinations using the 
method of Senden had successfully been conducted some time prior to this , using the 
Nanoscope II, suggesting that the instrument had worn or been damaged in the 
intervening period.) The greatest error in determining the spring constant is associated 
with determining the mass of the test load from the measured diameter and the density of 
the material, limiting the accuracy of the determination to +10%. 
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Figure · 3. 7 Piezo extension as a function of applied voltage. The extension was 
measured by an optical interference ( FECO ) technique. The linear fit to the data has a 
correlation coefficient of 0.9997. 
3.4.3. Piezo Tube Calibration 
The piezo tube was calibrated by an optical interference technique, FEC0,36 using 
silvered mica sheets in the Mk IV Surface Forces Apparatus.37 This piezo tube is 25 mm 
( 1 inch ) in diameter and 51 mm long ( 2 inches ) and required a special mount in order to 
be installed in the surface forces apparatus. Typical results are shown in Figure 3. 7 
which demonstrate the linearity of the piezo crystal over this range. The calculated 
resonant frequency of this piezo tube is 60-70 KHz. Hence the degree of expansion of 
the piezo tube is unaffected by the rate at which the voltage is supplied, for the time scales 
used in this work ( <10 Hz). Hysteresis may result in the dimensions of the piezo tube 
being dependent upon the history of the applied voltage as well as the voltage currently 
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applied. The piezo electric material used here ( PZT4 ) is less hysteretic than soft piezo 
electric materials used in most commercial instruments. Any data that is effected by 
hysteresis can be identified, as hysteresis results in a non-linear compliance region upon 
reversing the applied voltage. This data can be eliminated as it is not necessary to scale 
the force curve. It should be noted that hysteresis was rarely of a magnitude sufficient to 
be observed. 
3.4.4. Force Measurement 
Systems exhibiting electrostatic, hydration, hydrophobic, steric and structural 
forces have been investigated using the LLIFE, demonstrating the versatility of the 
instrument. These investigations demonstrate some of the unique features of the 
instrument, including the ability to measure forces over a wide variety of approach rates 
and the ability to average force curves over many iterations. 
Forces measured between a plasma treated silica glass colloid and a flat surface 
immersed in aqueous 0.001 M NaCl solution using the light lever technique are shown in 
Figure 3.8. The upper and lower solid lines were calculated using a numerical solution to 
the Poisson-Boltzmann equation38 for boundary conditions of constant surface charge 
(upper) and constant surface potential (lower). The attractive van der Waals force 
was included as a non-retarded interaction with a Hamaker constant of 0.85xlo-20 J.
39 
The observed forces correspond closely to the expected Debye length of 9 .6 nm for this 
solution and appear to regulate in between the constant charge and potential conditions. 
As observed in earlier studies40 the surfaces did not jump into primary minimum contact 
but there was a repulsive force extending about 1.5 nm per surface.
18 
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Figure 3.8 Interaction between silica surfaces in 0.001 M NaCl aqueous solution. 
The solid lines shown are calculated theoretical curves for a potential of -26 m V, a Debye 
length of 9.6 nm and a Hamaker constant of 0.85xJ0-20 J, 39 with boundary conditions of 
constant charge ( upper curve) and constant potential ( lower curve) . 
The surf ace potential detected for these surf aces was unusually low at -26 m V and 
this produces significantly lower forces, which serves to demonstrate the sensitivity of 
the technique. The low potential can be attributed to the use of a soda glass sphere which 
contains calcium, magnesium and sodium ions . It has been shown that calcium ions 
adsorb to silica surfaces and in doing so lower the potential.41 The presence of calcium, 
sodium and magnesium was confirmed by energy dispersive X-ray analysis ( EDXA ). 
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3.4.4.1. Hydrophobic Attractive Forces 
Silica surfaces can be rendered hydrophobic by adsorption of cationic surfactants. 
The amount of adsorbed surfactant is dependent upon the surfactant concentration in 
bulk. In solutions of 3.0xl0-6 M CPC in 0.1 M NaCl a partially hydrophobic surface 
was formed. The interaction is characterised by a jump into contact from approximately 
15 nm, as seen in Figure 3.9. The electrostatic DLVO component of the force is 
screened by the high background salt concentration. 
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Figure 3.9 Interaction on approach between silica surfaces immersed in an aqueous 
solution of 3.0xJ0-6 M CPC and 0.1 M NaCL No interaction forces were observed 
prior to the spring instability, shown by an arrow, upon which the surfaces jumped into 
adhesive contact. 
Upon increasing the concentration of CPC to 5.0xl0-6 Min 0.1 M NaCl, a more 
complete mono layer was apparently adsorbed at each silica surf ace, rendering them 
highly hydrophobic and producing a substantial increase in jump distance, as shown in 
Figure 3.10. The jump distance varied from run to run and ranged between 30 nm and 
50 nm and was much larger than the calculated ( retarded ) van der Waals interaction 
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shown. The van der Waals forces were calculated using the Lifshitz equation with a 
spectral model for water and soda glass.42.43 
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Figure 3.10 Interaction on approach between silica surfaces immersed in an aqueous 
solution of 5.0xJ0-6 M CPC and 0.1 M NaCl. No interaction forces were observed prior 
to the sudden jump into contact from approximately 42 nm. The calculated retarded van 
der Waals interaction for silica-water-silica is shown for comparison ( small crosses ). 
The insert is shown to highlight the low level of noise in the measurement. 
The mechanism of the long-range hydrophobic interaction is currently a source of 
much debate.44-49 Further investigations of the hydrophobic interaction are presented in 
Chapters Four and Five together with a discussion of the results in regard to proposed 
mechanisms . No interaction was observed at separations greater than the spnng 
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instability point, indicated by an arrow. This feature suggests a mechanism which 
involves either a single catastrophic event or an avalanche effect, whereby a small 
perturbation gives rise to further changes leading to a sudden collapse of the system. 
Other workers have observed a more gradual onset of the interaction.
50,51 The difference 
may be due to the smaller radius of the probe used in this work or the weakness of the 
spring used. Processes involving instabilities in the separating medium or cavitation as 
the surfaces approach may behave in this way and be more obvious when a small probe is 
used. The variation seen in the jump distance from run to run is also consistent with such 
a mechanism. By comparison, these effects will essentially be averaged out for less 
highly curved surfaces and hence give a more gradual onset of the force and a more 
reproducible interaction. If indeed, the mechanism proves to be related to fluid instability 
and depends on curvature, the implications for the manifestation of the force on a 
molecular level are far reaching. The differences observed between the long range 
macroscopic hydrophobic interaction and the short range molecular interaction may be 
related to the nature of this fluid instability. This system is investigated in greater detail in 
Chapter Four. 
Also shown as an inset in Figure 3 .10 is an expanded region of the baseline 
showing the noise in the measurement of force normalised by radius. Analysis of the 
baseline data at separations between 50 nm and 80 nm revealed a peak to peak noise of 
less than 10.0 µNm- 1 and a standard deviation of only 2.2 µNm- 1. This compares 
favourably with the accepted noise level of 5 µNm- 1 quoted for the SFA. Vibrations of 
the cantilever will contribute to errors in both the force and separation. The sensitivity 
( in joules ) of the measurement can be determined by, 8F 8x, where 8F, is the error in 
the force and 8x, is the error in the separation. The absolute limit to the sensitivity is 
determined by thermal noise and can be expressed as, 
8F8x :::: kbT (3.3) 
where kb, is the Boltzmann constant and T is the temperature in Kelvin . 
Calculation reveals that the sensitivity value obtained of 5x 1 o-21 J is about an order of 
magnitude greater than the sensitivity limit at room temperature defined by Equation 3.3. 
It is anticipated that further development will reduce the noise to levels just above the 
thermal noise limit. 
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3.4.4.2. Forces Between Bilayers 
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Figure 3.11 Interaction between silica surfaces immersed in l.OxJ0-3 M CPC aqueous 
solution. The solid lines shown are calculated theoretical curves for a potential of 
+18 mV, a Debye length of 8.5 nm and a Hamaker constant of 0.85xJ0-20J, 39 with 
boundary conditions of constant charge ( upper curve) and constant potential ( lower 
curve). 
At the critical micelle concentration ( CMC) concentration of about 1.0xlQ-3 M 
CPC, a surface aggregate was formed at each silica surface resulting in an overall 
electrostatic repulsion. Until recently it was believed that a bilayer was formed on silica 
surfaces around the CMC, however recent work by Manne52 has shown that micelle like 
aggregates may be formed. The interaction can be fitted with a potential of + 18 m V and a 
Deb ye length of 8 .5 nm, see Figure 3 .11. This potential corresponds to an area per 
charge of 105 nm2. Using this value and estimating the head group area of the CPC 
molecule to be about 0.4 nm2, the dissociation of chloride ions was found to be low at 
about 0.4 %. The interaction curves obtained on approach and retraction were found to 
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be almost identical, as illustrated in Figure 3 .12, which indicates the reversible nature of 
the compression of the surface aggregate. This result also serves to indicate the high 
precision of the instrument. 
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Figure 3.12 Interaction between silica surfaces immersed in 1.0xJ0-3 M CPC 
aqueous solution. The values shown were collected on approach and withdrawal, 
demonstrating the precision and reversibility of the instrument. 
3.4.4.3. Polymer Solutions 
One of the advantages of the light lever technique is the ability to vary the rate of 
measurement over a very wide range. Related to this is the ease with which repeat runs 
can be conducted. Solutions of PVP in high salt, reveal a steric repulsion as the mobility 
of the mobile polymer chains are reduced upon approach of the surfaces. In Figure 3.13 , 
the average of 50 force runs is compared to the results of a single approach. Averaging 
can be used to improve precision if there are no thermal drifts in the position of the 
surfaces during measurements. In this case the surfaces were ramped together at a rate of 
1000 nm s-1 for the 50 iterations curve and 33 nm s-1 for the single approach. The 
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comparison indicates that the rate of approach did not affect the measured force. Further 
the drift seen is minimal as evidenced by the precision between the two data sets. 
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Figure 3.13 Interaction between silica surfaces in 0.1% wlw PVP and 0.015 M 
Ca(NO 3)2 in aqueous solution. The values shown are for an average of 50 runs at a rate 
of 1000 nm s-1 and a single run at a rate of 33 nm s-1. 
3.4.4.4. AOT Lamellar Phase 
In a further study to test instrument versatility the interaction between silica 
surfaces immersed in a lamellar AOT phase was examined. Oscillations in the force were 
detected from separations as large as 250 nm ( see Figure 3.14 ). Each oscillation was 
separated by a discontinuity of 14 nm periodicity, where the probe apparently pushed 
through each lamellae layer. This agrees well with the 14.7 nm periodicity seen in X-ray 
diffraction studies. 53 This interaction was measured over a period of nearly an hour, 
demonstrating the ability to measure forces over long time intervals using this technique. 
Measurements on this system using the SFA, reveal a background attraction upon which 
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the oscillations are superimposed. 54 The measurements presented here have been 
repeated on the N anoscope AFM and in both cases a background repulsion is seen. It is 
not clear why the results differ between the SF A and light lever techniques. The 
discrepancy is not likely due to the difference in radius of the surfaces as the Derjaguin 
approximation should hold. The compression of the bulk phase that occurs in the 
confined fluid cell as the surfaces are brought together may be manifested as a repulsive 
force. This effect must be better understood and, if significant, be avoided before 
quantitative experiments on highly viscous solutions are conducted, using the light lever 
technique. 
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Figure 3.14 Interaction between silica surfaces immersed in an aqueous lamellar phase 
consisting of 15% AOT and 1.9% NaNO3 by weight, at a ramp rate of 0.83 nm s- 1 
Approximately 14 nm oscillations were clearly detected against a repulsive background 
force. 
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3.5. Discussion 
3. 5 .1. Comparison of the Light Lever Technique 
with Other Methods 
In Chapter Two a review of techniques used for the measurement of surf ace 
forces was given. This review highlights that many apparatus and techniques have been 
developed to quantify the interaction between surfaces, both directly and indirectly. 
Given the methods available to investigate surface forces it is pertinent to discuss the light 
lever technique in relation to the other techniques available. Comparison is made not to 
determine which method is superior but to explore the relative merits of the light lever · 
technique and the systems to which it is suitably applied. An ideal apparatus would be 
required to satisfy many strict criteria and is far from being realised. Features that an 
ideal instrument would possess include the following: 
Force sensitivity limited only by thermal noise at an absolute distance resolution of 
approximately one bond length. 
The provision to vary the rate of surface approach from milliseconds to hours. 
The ability to measure the interaction between a wide variety of surfaces possessing a 
range of curvatures in a wide variety of fluids or vacuum. 
The capacity to measure both attractive and repulsive forces ranging over several orders 
of magnitude. 
The data should be easy to record and the instrument easy to use. 
The most widely used instrument for surface force measurements over the past 
twenty years is the Surf ace Forces Apparatus ( SF A ) . This instrument excels for its high 
sensitivity and distance resolution, however the instrument requires a high degree of skill 
to prepare the surfaces and the data capture is laborious . The light lever technique 
employed in force measurements using commercial Atomic Force Microscopes has 
similar normalised force sensitivity, however it does not possess a means to determine the 
absolute separation of the surfaces. Rather the separation is determined from where the 
surfaces come into hard contact. In the case of an adsorbed bilayer this contact may be 
several nanometres from the surf ace to surf ace contact and considerably further for 
adsorbed polymers. However the light lever technique has many other advantages. A 
variety of different surfaces can be used, data collection is simple and the small radius of 
the probe allows very fast approach rates to be used. Importantly the interaction of a 
single colloidal particle with a surface was measured for the first time using an AFM. 16 
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Additionally, the probe being of smaller radius reduces the probability of particulate 
contamination. The two types of instrument should be viewed as complementary, each 
with its relative merits. 
Recently, indirect methods have been developed to measure the interaction of 
colloidal particles with various surfaces
55 ,56 ( § 2.3.2.4. ) . These methods are very 
sensitive but are limited in their application. So far these methods have only been applied 
to latex particles and only repulsive force regimes can be investigated. Both methods are 
unable to probe the interaction force at very small separations and the method of van de 
Ven suffers from the model dependence of the results. 
-3. 5. 2. Comparison of the LLIFE with 
Commercial Instruments 
Unlike the SFA, Atomic Force Microscopes are not designed primarily for force 
measurement. However, force measurement is the basis of the imaging process. It is 
then reasonable to expect that an instrument designed along the light lever principles but 
purely for force measurement will offer advantages, and moreover, continued 
development should improve this technique which is still in its infancy. The LLIFE 
advances the development of the light lever technique for force measurement. These 
advances have been achieved using hard piezo materials and versatile instrument control. 
3.5.2.1. Piezo Materials 
Piezoelectric transducers are predominantly made of lead zirconate titanate or 
PZT, which is a series of solid solutions between PbZr03 and PbTi03 phases. Materials 
are termed hard or soft depending on their abilities to withstand high levels of electrical 
excitation and mechanical stress. These properties are determined by the manufacturing 
process and are not directly related to the composition of the material. 
Commercial AFMs require that the piezoelectric transducer have a large range of 
motion. This enables large areas to be imaged. To achieve this expansion a soft 
piezoelectric material is used as the expansion per volt is large for a given dimension of 
material. Soft piezoelectric materials have greater expansion per applied volt, but suffer 
from higher levels of hysteresis and thermal and electronic drift. When imaging, these 
problems can be largely eliminated by manipulation of the raw data with software. 
However in force mode, the assumption that the piezo is well behaved must be made. 
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The N anoscope ill manual states that the voltage versus piezo extension relation is linear 
for the shortest scanner and non-linear for the other scanners. 
Surf ace separation in the LLIFE is controlled using a hard piezoelectric material 
( PZT4 ) identical to that used in the SFA. Of the commercially available piezoelectric 
materials this ceramic has the greatest thermal stability. The expansion per volt for a 
given length of material is also very small and extremely linear. Whilst this reduces the 
range of extension available, the extension can be more precisely controlled. The choice 
of this piezo material is advantageous for force measurement. The low electronic and 
thermal drift characteristics enable force measurements to be conducted over time periods 
orders of magnitude longer than are possible for instruments using soft ceramics. The 
results presented in Figure 3.14 were captured over nearly an hour, without special 
thermal control. The ability to control the surface separation accurately over long time 
periods enables force measurements to be made on a variety of systems which previously 
were not possible. These include liquid crystal phases, highly viscous media and 
concentrated polymeric solutions. For more simple systems, the very low thermal drift 
enables many repeat runs to be averaged and thereby reduce noise levels. The validity of 
this is demonstrated in Figure 3 .13 where the average of fifty runs is shown to 
completely overlay that of a single run. 
3.5.2.2. Data Capture and Manipulation 
Advantages of the LLIFE software over commercial software are unlikely to be of 
considerable long term significance as the software of commercial instruments is 
continually being upgraded. However, the software of the LLIFE can be customised by 
the user in order to make special investigations. The ability to directly access and view 
the raw data produced by the LLIFE will remain an important benefit. Other features 
incorporated in the software include: 
1) Display of the individual diode signals, A and B, allows the user more precise 
information on the diode response during a force run and simplifies diode signal 
optimisation. Access to the individual signals was advantageous in determining the 
nature of optical artefacts which are discussed in Chapter Six. 
2) Ability to control the waveform by which the piezo is driven. Any waveform 
desired can be produced to drive the piezo. Waveforms such as triangular, sinusoidal or 
combinations have been used. A sinusoidal waveform results in the surfaces approaching 
more slowly when they are close to contact. This reduces the possibility of 
hydrodynamic effects and increases the data density at small separations. Commercial 
instruments use a triangular waveform. 
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3) Manual control of the surface separation is possible either via the software, or 
directly by manual control of the power supply driving the piezo tube. 
4) The number of data points captured and saved can be varied and a much 
greater number of points can be captured. Typically 2000 or 5000 points are saved for 
each force curve. However this number can be increased or decreased. With 2000 points 
the surface can be moved with a velocity up to 40 µm s-1. With 200 points a velocity of 
400 µm s- 1 would be possible. Increasing the number of points above 5000 would 
reduce the maximum approach velocity, but a very high data density would be obtained. 
This would enable data smoothing to be used to minimise noise. 
5) Displays of the (A - B)/(A + B) signal, A signal, B signal and Piezo ramp can 
be scrolled and magnified to inspect regions of the waveform of interest. In order to scale 
a force curve it is necessary to capture data at separations where no force is acting and in 
compliance where the surfaces are in contact. The software enables these regions to be 
inspected closely for linearity. Alternatively the region of interaction can be magnified 
and inspected. All data is available and no clipping occurs of data that is outside the range 
of the viewing window as is the case with some commercial instruments. 
6) The ability to annotate saved data with information from a notepad. User 
comments can be entered on a notepad in the same manner as using a word processor. 
The contents of the notepad are automatically saved with the force curve. 
7) The ability to average the data produced by repeat measurements. As discussed 
above the low thermal drift associated with the hard ceramic piezoelectric tube used in the 
LLIFE enables repeat runs to be conducted and averaged. The software enables the 
number of iterations which are to be averaged to be chosen and the average waveform is 
calculated and displayed. 
8) File format compatibility between saved raw data, scaling software, fitting 
software and presentation software allows for easy and quick analysis of results. This 
can be done whilst a force experiment is in progress. Thus the user can determine the 
exact nature of the interaction between the surf aces under investigation during an 
experiment. 
3.5.2.3. Other Advantages 
Recent commercial instruments have incorporated microscopes in order to view 
the cantilever from above and aid laser spot alignment. There is perhaps a small 
advantage in viewing the cantilever from a position close to that of the photodiode, as is 
the case for the LLIFE, in determining the optimum alignment. Further, from this angle it 
is possible to determine the proximity of the cantilever probe to the substrate by the 
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separation of the cantilever stub and the shadow of the stub on the substrate. Utilising 
this feature, the surfaces can be brought to a separation at which the O ring of the fluid 
cell provides a seal, without ever bringing the surfaces into contact. Fluid can then be 
injected into the cell and measurements conducted without the surfaces coming into prior 
contact. The quality of experimental results can be critically dependent upon the shape of 
the light spot reflected from the cantilever via the mirror. 57 The shape of the spot in the 
plane of the diode can be viewed and adjusted for optimal performance, by swinging the 
diode aside. 
The current to the laser diode can be varied. Thus the intensity of light can be 
reduced in order to align the spot using the microscope. Furthermore, by using the laser 
diode at less than maximum power the lifetime of the laser is extended. On occasion, 
reducing the intensity of the laser light can reduce the level of periodic noise due to optical 
interference as discussed later in Chapter Six. 
Solutions of different refractive index cause the reflected light from the cantilever 
to leave the fluid cell at different angles. The greater the refractive index the greater the 
angle of the reflected light. It is the ref ore necessary to be able to guide the light onto the 
photodiode by moving both the mirror an~ the photodiode. For solutions of high 
refractive index, alignment can be difficult. To avoid such problems, the mirror in the 
LLIFE is large and the range over which the diode can be moved is extensive. The mirror 
is adjusted by action of a fine thread screw on a lever, to which the mirror is attached, 
against a taut helical spring. This enables fine and stable adjustment to be easily 
achieved. 
3. 6. Future Developments 
The light lever technique is relatively new and it can be expected that much 
development of the instrumentation is yet to come. The next generation of instruments 
may incorporate some of the following modifications. 
Light lever instruments currently use laser light to detect the spring deflection. As 
discussed later in Chapter Six, this leads to optical interference and could be avoided by 
the use of white light. Perhaps the best arrangement to achieve this would be to employ 
an external light source and deliver the light to the diode through the appropriate optics 
using optical fibres. This would enable a wide range of light intensities to be used and 
eliminate problems associated with optical interference. Using a remote light source with 
an infrared filter would avoid problems associated with heating. 
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The sensitivity of the instrument is closely related to the performance of the 
photodiode. An increase in sensitivity could be achieved by using a larger photodiode 
and situating it further from the mirror. The light lever arrangement magnifies 
movements of the cantilever. Increasing the distance between the mirror and the diode is 
equivalent to increasing the magnification. Larger photodiodes have slower response 
times, however, the increase in response time is unlikely to be significant given that the 
quickest data capture rate is currently 100 µs per point and the response time for even the 
largest diodes is less than 10 nanoseconds. 
3. 7. Summary 
The successful application of Atomic Force Microscopy to a diverse range of 
colloid and surface phenomena has led to a renewed interest in the basic light-lever 
method for colloid force measurements. It has been demonstrated in this work that a 
relatively simple, versatile device, based on a commercial AFM, but without imaging 
capability, can be used to obtain detailed, precise information not only on concentrated 
surfactant systems, which require slow approach speeds, but also on relatively simple 
double-layer forces. It is also shown that very precise force data can be obtained by 
averaging over many repeat scans, as thermal and electrical drift are minimal during the 
period of measurement. 
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Chapter Four 
The Hydrophobic Attraction 
4.1. Introduction 
A substance is hydrophobic if it is sparingly soluble in water and readily soluble 
1n non-polar solvents. 1 Substances that are generally insoluble, due to strong 
intermolecular bonds, are excluded from being termed hydrophobic as their low solubility 
does not arise from an aversion to water. Hydrophobic substances include 
hydrocarbons, fluorocarbons, gases inert to water and other organic compounds. The 
strong attraction between hydrophobic solutes, the "hydrophobic interactio~", was 
originally attributed to the action of many weak "hydrophobic bonds" acting between 
hydrophobic portions of molecules. 2 The hydrophobic interaction is widely recognised 
1 
as being important for processes as diverse as micelle formation, protein folding, 
membrane structure, froth flotation, detergency and the low solubility of hydrocarbons. 
Molecules of water interact strongly with neighbouring water molecules by 
hydrogen bonding. The presence of these hydrogen bonds confers an unusually high 
degree of structural order within the liquid. A water molecule has about 4.4 nearest 
neighbours, inducing a roughly tetrahedral bonding structure in liquid water, similar to 
ice. 3 This should be compared with a close packed structure which has twelve nearest 
neighbours. Introduction of any solute molecule must interrupt the local structure of 
molecules in liquid water. Hydrophilic polar solutes will form new bonds with water but 
hydrophobic non-polar solutes are unable to do this. It might then be expected that the 
Chapter Four 
low solubility of hydrophobic solutes is attributable to an unfavourable enthalpy term 
arising from the breaking of hydrogen bonds. Experimentally, it is found that the 
enthalpy of transfer for a wide range of hydrophobic solutes is favourable but the entropy 
term is highly unfavourable.4 These effects have been explained by Frank and Evans.4 
Water molecules rearrange around hydrophobic solutes in order to satisfy hydrogen 
bonding requirements. The resulting increase in local order gives rise to a decrease in 
entropy. Therefore, the strong attraction between hydrophobic molecules in water arises 
from the strong attraction present between water molecules and the lack of interaction 
between water and hydrophobic solutes. 
The practical definition of a hydrophobic substance is extended to also include 
solid materials that are poorly wet by water, although they may not be soluble in organic . 
solvents. These materials may be naturally hydrophobic, e.g. talc, or solids made 
hydrophobic by the adsorption of surfactant or chemical modification. The existence of 
an attractive force between hydrophobic surfaces in aqueous solution can be inferred 
from the behaviour of aqueous solutions on hydrophobic solid surfaces. Both double 
layer and vdW theories predict that a wetting film of water should be stable on a 
hydrophobic solid surface, 5 this is clearly not what is observed. This implies that an 
attractive interaction of comparable range to DL VO forces must be acting across such a 
film, to disrupt the film and form droplets. 
4.1.1. 
Range 
The Hydrophobic Attraction is Long 
The first indication that the hydrophobic interaction between macroscopic surf aces 
extended over ranges considerably larger than molecular bond distances, was provided 
by measurements of the film thickness between a gas bubble and a methylated silica 
surf ace in aqueous solutions. 6 The film between a hydrophilic silica surf ace and a bubble 
is stabilised by electrostatic forces. However, for chemically modified hydrophobic silica 
surfaces, destabilisation of the film occurred at separations greater than 60 nm, even 
though the charge on hydrophobic and hydrophilic surfaces are similar. 5 More recently 
the critical rupture thickness of thin films has been related to the hydrophobicity of the 
surf ace. 7 The development of the Surface Forces Apparatus ( SFA ) enabled the 
hydrophobic interaction to be measured directly for the first time. 
In the early 1980' s direct measurements of forces between macroscopic 
hydrophobic surfaces8-11 in aqueous solutions, revealed strongly attractive forces IO to 
100 times larger than the expected van der Waals attraction. These surfaces were 
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rendered hydrophobic by the adsorption of a cationic surfactant, cetyltrimethylammonium 
bromide ( CT AB ), from solution. To distinguish between the long range attractive 
forces between macroscopic hydrophobic surf aces and the interactions between 
hydrophobic molecules leading to aggregation, the terms hydrophobic attraction and 
hydrophobic interaction are used here. The connection between the two interactions is 
yet to be elucidated. Forces of much longer range, up to about 30 nm, 
12 were later 
measured between weakly charged hydrophobic surfaces prepared by the deposition of 
Langmuir-Blodgett (LB) monolayers onto mica. Neutral LB films deposited on mica, 
were found to give rise to purely attractive forces with a range of about 70 nm for 
hydrocarbon surfactants and 90 nm for the more hydrophobic fluorocarbon surfactants 
deposited in the same manner. 13 A long range hydrophobic attraction has also been 
measured between crossed filaments of hydrophobised glass 
14 and inferred from the 
coagulation of hydrophobised silica spheres. 15•16 Attractive forces extending up to 
300 nm have been reported between polymerised surfactant layers.
17,18 This is the 
greatest range reported for attractive forces between hydrophobic surf aces. 
Phenomenologically the long range component of the attractive interaction can be 
fitted to an exponential relationship of the form. 
F (-DJ -=Aexp 
R D0 
4.1 
F is the measured force, R is the mean radius of curvature of the interacting 
surf aces, D is the separation and A and D0 are the fitting parameters; the pre-
exponential term and the decay length respectively. Similarly the short range component 
of the force can be fitted exponentially and the overall attraction given by a double 
exponential relationship. Typical values for the decay lengths of the interaction are 1 nm 
to 4 nm for the short range component and 10 nm to 30 nm for the long range 
component of the interaction. 
Investigations of the hydrophobic interaction by direct force measurement have 
been pursued by many workers for the best part of twenty years. Whilst qualitatively 
many have confirmed the existence of a long range attraction, the range and magnitude of 
the interaction reported and the effects of experimental variables such as salt concentration 
and surface preparation have not always been in agreement. Furthermore, the range of 
the attraction measured does not appear to be simply related to the more conventional 
measurement of macroscopic hydrophobicity, the contact angle. 
The existence of a very strong, long ranged attraction not predicted by DLVO 
theory poses a significant theoretical problem. Additionally, the inconsistencies in 
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reported results complicate comparison with any theory. Hydrophobic surfaces interact 
at separations corresponding to several hundreds of molecular diameters of water, while 
it is generally accepted that water structural effects have completely decayed at less than 
1 O molecular diameters. 19 Any successful theory dependent upon structural effects at the 
hydrophobic-water interface must include a mechanism by which such short range 
structural effects can give rise to long range interactions. Further, the method by which 
the hydrophobic surface was prepared may substantially effect the measured attraction. 
Electrostatic interactions are capable of giving rise to forces of the range measured for the 
hydrophobic attraction. As such, electrostatic mechanisms are an appealing avenue for 
theoretical investigations. Experimental determination of the relationship between the 
measured force profile and the electrolyte concentration is important in testing theories of 
the hydrophobic attraction that invoke electrostatic mechanisms. 
4.1.2. Types of Hydrophobic Surf aces 
The first measurement of the long range hydrophobic attraction was made using 
mica surf aces that were rendered hydrophobic by adsorption of a monolayer of 
surfactant. 8 Subsequently a variety of methods have been employed to form 
hydrophobic surf aces suitable for surface forces measurements. The methods employed 
to form hydrophobic surfaces may be conveniently grouped as follows: 
1) Adsorption of soluble ( usually single chain ) cationic surfactants from solution 
produces a hydrophobic monolayer on negatively charged surfaces at concentrations well 
below the critical micelle concentration:8,IO,ll 
2) Langmuir-Blodgett monolayers of insoluble double chain surfactants adsorbed 
to mica surfaces have been used successfully in the SFA. 12•13,20 This method has also 
been used with polymerised surfactant monolayers.17,18 Monolayers of doub~e chain 
surfactants have also been deposited from organic solvents onto mica surfaces.21 •22 
3) Chemical modification of surfaces by reaction with silanating agents produces 
robust hydrophobic surfaces that are covalently bound to the substrate. 14•23,24 
4) The use of solid polymer surf aces or thin polymer films has also successfully 
been applied to surface force investigations.25-27 
The reported contact angles show a very poor correlation with the range of the 
interaction measured. However, the process by which the hydrophobic surface is formed 
does give a reasonable correlation with the range of the measured force, but there are 
several exceptions, particularly in the most recent literature.24•28 •29 Generally most 
results published prior to 1994 fit the following summary. Adsorption of surfactant from 
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solution gives rise to forces with a range of less than 30 nm. Surfaces prepared by 
Langmuir-Blodgett techniques give rise to forces extending to 100 nm. Chemically 
modified surf aces give rise to similarly long ranged forces ( 50-100 nm ) and polymer 
surfaces exhibit low to moderate ranges of interaction ( 12-40 nm). The very long 
range interaction of nearly 300 nm measured between polymerised surfactant, 
subsequently LB deposited onto mica surf aces is exceptional. 
It has also been reported that a long range attraction is also present between 
hydrophobic and hydrophilic surfaces. 22 Contradictory results have been reported for 
silica-polymer systems where a DL VO like repulsion is seen. 30 An earlier study found a 
DL VO attraction at long range and at shorter range ( < 20 nm ) a stronger than expected 
attraction. 31 
4.1. 3. Proposed Theories for the Hydrophobic 
Attraction 
There are several theories in the literature that purport to explain the origin of the 
hydrophobic attraction between surfaces. The first is based on water structural effects 
propagating from the surfaces into the bulk liquid, due to enhanced hydrogen bonding of 
the water molecules close to the hydrophobic surfaces. 32
 The resulting structural 
changes associated with dynamic ordering and disordering give rise to a force that decays 
exponentially with distance. However the theory does not yield a value for the pre-
exponential term or for the decay length. A correlation length of 15 nm was required to 
fit the theory to experimental data, yet simulation studies yield rapidly decaying surf ace 
effects of <0.5 nm. 19•33 
Another suggestion is that the hydrophobic attraction is driven by the metastability 
of water films between hydrophobic surfaces with contact angles greater than 90 ° .13 
Cavitation has been inferred or directly observed for hydrophobic surfaces in contact
11 or 
just prior to contact, 13 in SFA experiments. Theoretically, cavitation is predicted 
between surfaces at close separations ( <1 nm), with a contact angle greater than 90°, 
and has been dealt with thoroughly by Yuschenko et al. 34,35 Related to the metastable 
film and cavitation arguments are those of Y aminsky and Ninham36 who postulate that 
the increased attraction occurs as a result of the lateral enhancement of subcritical density 
fluctuations in the water film between the hydrophobic surf aces. Cavitation between 
poorly wetted surf aces has been investigated using Monte Carlo simulation. 37 As the 
surf aces approach, an attraction is predicted prior to spinodal cavitation. This effect 
results in a monotonically increasing attractive force which the authors suggest could be 
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the microscopic origin of the long range hydrophobic interaction. The theory predicts a 
small increase in force with increasing electrolyte concentration and a force inversely 
proportional to the cube of the separation. 
Explanations based on electrostatic fluctuations between neutral bodies give rise 
to an attractive force decaying exponentially with twice the Debye length. In the work of 
Podgornik the attraction arises from specific interactions of mobile charges with the 
surface. 38,39 Attard suggests density fluctuations occurring at the hydrophobic-aqueous 
interface give rise to an enhanced van der Waals type attraction or alternatively, for very 
low salt concentrations, the presence of microscopic domains can give rise to forces 
acting over similar lengths to the domain dimension.40 Both these proposals require that 
the pre-exponential term is chosen to fit the data. Miklavic et al. 41 have treated the 
interaction of heterogenous surfaces theoretically. In systems where the surface charge 
distributions are free to migrate to lower the interaction energy, the force is found to 
always be attractive. The decay of the interaction is determined by the Debye length at 
high salt concentrations and the lattice spacing at low salt concentrations. Spalla and 
Belloni42 propose an electrostatic model similar to that of Podgomik, 38,39 based on zero 
frequency ion-ion charge fluctuations indu~ing an attraction.43 The treatment is for 
colloidal particles and predicts a force that decays with twice the Debye length for large 
colloids and with the square of the radius for very small colloids. 
Ruckenstein and Churaev44 propose a hydrodynamic origin for the hydrophobic 
attraction, whereby fluctuations of the water interface propagate via hydrodynamic 
motions from one interface to another. This requires the assumption that fluctuating 
vacuum gaps are present between the hydrophobic surface and the aqueous phase. 
Experiments on the flow of non-wetting liquids in capillaries offer some support for the 
existence of vacuum gaps at the water-hydrophobic surface interface.45.46 The attraction 
is expected to decay with the cube of the separation. Another interpretation due to 
Podgornik and Parsegian47 A8 of the attraction measured between CT AB coated surf aces 
concludes that 11 •••• there seems to be no need to postulate anything new or dramatic 11 • 
They attempt to explain the published results for this system in terms of classical 
electrostatics, with interaction driven adsorption changing the zero of separation for the 
vdW component of the interaction. Most recently Yaminsky et al., 49 attribute the 
attraction in CT AB systems to a charge regulation effect that is enhanced by cooperative 
surfactant adsorption at hydrophilic surfaces. As the surfaces approach, surfactant 
adsorption increases between the surf aces and is further enhanced by the onset of two 
dimensional micellisation, leading to the measured attraction. The thermodynamics of the 
attraction are described but a description of how the surfaces interact at long range is not 
addressed. 
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It is clear from the previous discussion that the mechanism of the hydrophobic 
attraction is yet to be clearly elucidated and may remain so until the effect of the many 
experimental parameters are clarified. With this in mind a variety of experiments have 
been performed with the hope of providing experimental evidence to support or eliminate 
some of the many proposed theories. The results of these experiments are presented in 
this Chapter and the implications for the proposed theories discussed. 
'-
4.1. 4. Electrolyte Effects on The Hydrophobic 
Attraction 
If the assumption that the hydrophobic attraction is electrostatic in origin is made, 
it immediately becomes apparent that it is important to determine the effect of electrolyte 
on the measured force. The addition of electrolyte is expected to reduce the range of 
electrostatic interactions. Further, the change in decay length with concentration is an 
important test of any theory utilising an electrostatic mechanism. The first investigation 
of electrolyte effects found the force to be only weakly dependent upon electrolyte 
concentration up to a concentration of 0.0lM. 12 Christenson,
50 after a re-analysis of 
previous work, 12•20•51 concluded that the magnitude of the attraction was reduced but the 
exponential decay of the long range attraction was not substantially changed by electrolyte 
concentrations below about 0.0lM. The above studies used Langmuir-Blodgett 
deposited monolayers. The effect of dilute solutions of 1: 1 and 2:2 electrolyte solutions, 
on the range and magnitude of the hydrophobic attraction between double chain surfactant 
monolayers adsorbed to mic·a from an organic solvent, has also been investigated.
22 The 
measured force was strongly dependent upon electrolyte concentration. The effect of 2:2 
electrolyte was found to be larger than that of 1: 1 electrolytes, but no simple correlation 
with the Debye length was found. Similarly a reduced force but an unchanged decay 
length was detected between polymerised surfactant, subsequently LB deposited onto 
mica surfaces. 18 
The surfaces used to examine the electrolyte dependence reported above will be 
effected by a degree of instability of the adsorbed monolayers in aqueous electrolyte 
solutions.24 Thus increasing salt concentrations may lead to a reduction in attraction due 
to direct effects on the hydrophobic surfaces, rather than screening of an electrostatic 
force. Recent measurements using chemically fluorinated glass surfaces, which are inert 
to electrolyte, show no reduction in force upon addition of electrolyte.24 Indeed addition 
of salt at high concentrations led to an increase in the attractive force. Recently, a change 
in decay length of twice the Debye length has been measured between mica surf aces with 
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an adsorbed monolayer of CT AB28 for a range of salt concentrations. In this Chapter the 
effect of electrolyte on the hydrophobic attraction between polymer surfaces and the effect 
of high concentrations ( O. lM ) of electrolyte on the interaction between silica surfaces . 
with an adsorbed cationic surfactant is investigated. 
4.1. 5. Other Factors Influencing the 
Hydrophobic Attraction 
The relationship between the hydrophobic attraction and various other 
experimental variables is yet to be elucidated. Several workers have investigated the 
effect of temperature on the hydrophobic attraction. The first investigation to look at the 
interaction as a function of temperature used mica surfaces with CT AB adsorbed from 
solution at 22 °C and 50°C. 9 A small reduction in force was measured at the higher 
temperature. The temperature dependence of the force between surf aces made 
hydrophobic by adsorption of cationic surfactants of chain length 16, 18 and 20 carbons 
has been investigated by Tsao et al. 21 The surfaces coated with the shorter chain 
surfactants ( C 16 and C 18 ) show a marked reduction in attraction as the temperature is 
raised from 25° to 50°C. Whilst the interaction between surfaces coated with the long 
chain surfactant ( C20 ) was unaffected over the same range. The authors conclude that 
the hydrophobic attraction shows a strong temperature dependence and is critically 
dependent upon the crystalline order of the hydrophobic chains. These conclusions have 
been refuted, 52 the latter on the basis of previous work exhibiting long range 
hydrophobic attractive forces between non-crystalline surfactant layers51 •53 and in 
systems where the surfaces are made hydrophobic by chemical modification.14,23 The 
temperature dependence of the attraction may be interpreted as small from the work of 
Tsao et al. , as temperature changes may directly alter the hydrophobic layer leading to a 
reduction in the attraction for the shorter chained surfactant systems and no reduction in 
force is observed for the long chained surfactant system. 
Other experimental variables that are yet to be adequately investigated are surf ace 
roughness, the influence of other solutes and the radius of the interacting surfaces. If a 
water structure or cavitation related mechanism is assumed, it may be expected that the 
Derjaguin approximation may not be valid, leading to measured forces that do not scale 
with the curvature of the interacting surfaces. 
Measurements of the attraction between hydrophobic surfaces in ethylene glycol-
water mixtures have been studied. 54 The surf aces were made hydrophobic by adsorption 
of fluorocarbon surfactants onto mica from ethylene glycol. The influence of ethylene 
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glycol was found to be minimal at concentrations less than 49% and was found to 
dramatically decrease the attraction at higher concentrations. In pure ethylene glycol the 
force profile was comparable to the expected vdW attraction. Interpretation of these 
results was complicated by the dilution of surfactant concentration upon addition of 
water. Recently, the force between mica surf aces made hydrophobic by addition of 
cationic surfactant as a function of added dodecanol has been studied. 
29 The range of the 
force was found to increase considerably. The increased attraction was ascribed to 
increased packing density of hydrophobic chains at the surface. 
4.1.6. Investigations Related to Cavitation 
When cavitation between hydrophobic surf aces was first observed, 
11 the 
possibility of dissolved gas being present in the cavity was rejected in favour of a vapour 
cavity. Since that time, discussion has followed the vapour cavitation model. Originally 
the notion that dissolved gases may play a role was rejected on the strength of the 
observation that separation of the surfaces led to the rapid disappearance of the cavity. 
This reasoning may be invalid, since fine bubbles of gas may also rapidly redissolve on 
separation of the surfaces. The surprising effects of salts on bubble coalescence
55•56 
have led to the suggestion that the presence of dissolved gas may influence the range and 
attraction of the hydrophobic force. Indeed, dissolved gas may be viewed as a 
hydrophobic solute that is universally present at concentrations near millimolar levels, 
unless steps are taken to remove it. Further, dissolved gas may be present in higher 
concentrations at hydrophobic surfaces as the solubility of gas in organic media is 
greater. The threshold for cavitation of water in an ultrasonic field is critically dependent 
upon the gas content of the water, 57 suggesting that cavitation induced by other means 
may depend on the gas concentration. Subsequently, the simple observation that 
degassing produces an increased stability of oil in water emulsions26,55 supports this 
assertion. Since the oil droplets are destabilised via the hydrophobic attraction, the 
implication is that removal of the dissolved gas reduces this interaction. 
In this Chapter, results using a variety of hydrophobic surfaces are presented. 
The influence of electrolyte and dissolved gas on the measured attraction between 
hydrophobic surfaces are evaluated and the implications for proposed theories of the 
interaction discussed. 
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4.2. Materials and Methods 
Experiments were conducted using three different instruments, the N anoscope II 
and III Atomic Force Microscopes ( Digital Instruments, Santa Barbara ) and a purpose 
built instrument, LLIFE. All employ the light lever technique which is covered in some 
detail in the preceding Chapter as is the LLIFE instrument. Details regarding scaling of 
raw data to produce force versus distance curves has also been addressed in the previous 
Chapter and will not be repeated here. 
Microf abricated58 cantilever springs ( N anoscope, Digital Instruments ) of two 
types were used to evaluate surf ace forces. The so called stiff springs, are a single beam 
of etched silicon crystal, trapezoidal in cross-section, with typical dimensions of 140 µm 
in length, thickness of 4.8 µm and widths of 20 µm at the top and 45 µm at the base. 
These springs typically have a spring constant of the order of 50 N m-1 and are attached 
to a silicon stub. The more common cantilever springs used widely in imaging are made 
of a thin film of Si3N4 adjoining a silicon stub and are gold coated on the back to improve 
the reflectivity. These springs are V shaped and are usually manufactured with four 
springs of different dimensions on each stub. The spring constants of these springs may 
vary from 0.02 N m-1 to 0.7 N m-1. The determination of the spring constafl:tS of these 
springs are discussed in Chapter Three (§ 3.3.1. & 3.4.2.). A particle of spherical 
geometry and known chemical composition, usually silica, was attached to the tip of the 
cantilever using Epikote glue according to the method developed by Ducker et al. 59 This 
allows the radius of interaction to be determined. Forces are usually reported normalised 
by this radius ( i.e. FIR ) as this value may be directly related to the energy of interaction 
through the Derjaguin approximation,60 as discussed in Chapter Two. The geometric 
mean radius of the probes were measured, after the force experiment, using a Cambridge 
S360 Scanning Electron Microscope. 
In experiments with added electrolyte, analytical grade NaCl, further purified by 
roasting in air at 600°C for 5 hours was used. Water used to make up solutions was 
filtered, passed through activated charcoal and a reverse osmosis membrane, followed by 
distillation. Final purification was carried out by the following procedure. The water 
obtained after the first distillation was stirred with coarse activated charcoal for 2 hours, 
filtered through two 50 nm pore size Nucleopore™ filters and finally distilled again. 
Alternatively, an additional charcoal filter was incorporated before distillation and the 
final purification step eliminated. All operations were carried out in a laminar flow 
cabinet. Glassware was soaked in 10 wt% NaOH solution and rinsed thoroughly with 
clean water. All fittings for the AFM fluid cell were washed thoroughly in distilled AR 
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grade ethanol, rinsed in water and finally boiled in water. The AFM fluid cell was 
cleaned using the same technique. 
For experiments involving silica surfaces, the silica flat and sphere were plasma 
treated ( 0.65 torr H20, 0.10 torr Ar, 10 W, 45 s) to ensure cleanness and complete 
hydroxylation of the silica surfaces. Additionally, the fluid cell was plasma treated under 
the same conditions. Silica spheres used were of two types. The most commonly used 
spheres were ~ 20 µm in diameter and supplied by Poly sciences. Larger spheres of 
40 µm to 100 µm also supplied by Polysciences were occasionally used. 
4.2.1. Calibration of Stiff Cantilever Springs 
Determination of the spring constant for the stiff springs was achieved by a 
combination of direct determination and calculation. Calibration of springs using the 
method of Senden and Ducker61 was achieved by attaching 2 or 3 tungsten spheres to the 
tip of each cantilever spring. The deflection of the spring was measured under the 
influence of this mass using the optical lever arrangement of the AFM. The compliance 
was also measured against hydrophobised mica ( to eliminate capillary condensation of 
water from the atmosphere ) . This procedure provides a direct measure of the spring 
constant for an individual spring. Measurement of the dimensions using Scanning 
Electron Microscopy then allows the Young's Modulus for the material to be calculated 
using Equation 4.2. 62 
4kl 3 
E= 
wt3 
(4.2) 
where E is the Young's Modulus, k the spring constant, l the length, w the 
width and t the thickness of the spring. This gave an average value of 67 .5+ 13 .2 GPa 
from five determinations using two springs. For comparison, calculation of the Young's 
modulus from literature elasticity constants63 gave a value of 131 to 137 GPa depending 
on the plane of bending. 
All the springs used were manufactured in the same way, from the same material 
( i.e. etched from single crystal silicon ). The Young's Modulus calculated from the 
measured spring constant, may then be applied to other springs of the same material , but 
of different dimensions, with some confidence. That the springs indeed had the same 
chemical composition was verified using Scanned Microprobe Wavelength Dispersive X-
ray Analysis. 30 
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The experiments presented in this Chapter can be conveniently grouped on the 
basis of the surface preparation employed. Results of experiments using hydrophobic 
surfaces such as polypropylene, or modified surfaces such as those produced by 
adsorption of cetylpyridinium chloride ( CPC) or cetyltrimethylammonium bromide 
( CT AB ) onto silica from solution are presented. 
4.2.2. Polypropylene Surfaces 
The forces between polypropylene surfaces were measured using a Nanoscope II 
Atomic Force Microscope ( Digital Instruments Inc.). A polymer melt rather than a 
silica sphere was attached to the cantilever ( see Figure 4.1 ). This provides a surface 
with known geometry and chemistry, in this case polypropylene. A polypropylene flat 
was used as the other surf ace. Both stiff and weak cantilever springs were used to 
investigate the interaction. 
Figure 4.1 Scanning electron nzicrograph of a polypropylene probe on a stiff spring, 
viewedfi·onz the side. Note the approxiniately lz enz ispherical nature qf'the polypropylene 
probe. The radius of interaction was detennined h_v the geonietric ,neon of the radii in the 
area that interacts with the suhstrate. 
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The method used to prepare the polypropylene colloid probe involved several 
steps. The cantilever was initially rendered hydrophilic by exposure to a water plasma 
( 135 kHz, 10 W for 45 s, PH 2o=4.0 Pa and P Ar=4.0 Pa). The c
antilever was then 
made oliophobic by gas phase reaction with ( tridecafluoro-1, 1,2,2-tetrahydroocty 1 )-1-
methy l dichlorosilane for 2 hours. A small piece of pure polypropylene ( Memtec Pty. 
Ltd. ), approximately 100 µm in size, was placed at the free end of the cantilever spring. 
This was heated to form a roughly spherical bead of molten polymer. The shape was 
retained on cooling. An SEM image of a typical example of the colloid probes used in 
these experiments is presented in Figure 4.1. A bead ( 3-4 mm in diameter ) was placed 
between two freshly cleaved pieces of mica and heated whilst pressure was applied in 
order to produce a polypropylene surface suitable for force investigations. This produced 
a flat, smooth disc which was then adhered to a sample stub. The mica which adhered to 
the upper surface of the polypropylene disc was left in place until just before 
commencement of the force experiment. All operations were carried out in a glove bag, 
filled with dry, high purity, oxygen-free N2, in order to avoid oxidation of the 
polypropylene. The probe and the flat were stored in a N2 atmosphere until use ( no 
longer than 3-4 days ) . AFM images of these surf aces ( 181 x 181 nm region ) , 
obtained in 0.01 M NaCl, had a typical roughness ( peak to trough) of 7.6 nm with a 
standard deviation of 1.3 nm. A typical AFM image is presented in Figure 4.2. The 
roughness in this image was amplified by the choice of vertical scale. 
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Figure 4.2 Atoniic Force 1nicroscope image of a typical polypropylene flat surface 
used in the surface force experinients. The iniage was obtained in a solution of 0.01 M 
NaCl. Note the roughness of the saniple is niagnified as the vertical scale is 5 times 
greater than the horizontal scale. 
Some solutions were degassed for a minimum of 1 hour using a vacuum pump 
and a liquid N2 cold trap. Using this arrange1nent, a vacuum of 10-3 Torr or better was 
obtained. The solutions were cooled to prevent evaporation during this process and 
rewarmed prior to use. After removal of gas the solution was sealed and transferred to 
the instrument where it was injected into the fluid cell. Care was taken not to introduce 
any air into the cell with the solution. A solution volume at least ten times greater than the 
fluid cell was injected. 
4. 2. 3. Cetyltrimethylammonium Bromide 
Solutions 
Surface forces between silica surfaces immersed in solutions of 
cetyltrimethylammoniurn bro111ide ( CTAB ) were investigated. The CT AB was 
supplied by BDH, 98% pure and further purified by recrystallisation from an ethanol 
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water mixture. Experiments were conducted at room temperature, which is a few degrees 
above the Krafft temperature for CT AB solutions. Solutions containing gas both in 
equilibrium with the atmosphere ( gassed ) and solutions from which the majority of 
dissolved gases had been removed ( degassed ) were used. Degassing was achieved 
over 1 hour using a water jet pump whilst cooling the solution in an ice bath to minimise 
evaporation. The solution was either placed in a sonication bath or subjected to 
mechanical shocks in order to facilitate gas removal. Surface forces were measured using 
both weak and stiff springs for a range of approach rates. When measurements were 
conducted with a stiff spring it was necessary to average the signal over several 
approaches in order to reduce instrumental noise. 
4.2.4. Cetylpyridinium Chloride Solutions 
Interaction forces between a silica flat and a silica sphere were measured in 
aqueous solutions containing the cationic surfactant cetylpyridinium chloride ( CPC ) 
{ 1-hexadecy 1-pyridinium chloride [ 123-03-5]} , supplied by Sigma, 98 % pure. For 
some experiments, CPC supplied by Aldrich, 98% pure, was further purified by 
recrystallisation from an ethanol-water mixture. Recrystallisation was carried out with 
mild heating and precipitation was induced by cooling in ice. Force measurements were 
conducted using silica surfaces that were allowed to equilibrate with the solution for 12 
hours, for solutions of 5.0xl0-6 M CPC in 0.1 M NaCl and for 2.5 hours in solutions of 
0.001 M CPC. 
The effect of removing dissolved gases was studied. In these cases, dissolved 
gas was removed as described above for CT AB solutions. Interaction forces were 
measured at 22°C + 2°C, unless otherwise stated, this is above the measured Krafft 
temperature for CPC of l6°C in 0.1 M NaCl , suggesting that the hydrocarbon tails 
remain fluid under the experimental conditions. Surface forces were measured using 
both weak and stiff springs for a range of approach rates . As described with CT AB 
solutions, measurements with the stiff springs were averaged over several approaches. 
CPC is a biologically active molecule that is bactericidal ,64-66 haemolytic,
67 
immunosuppresive and toxic. This behaviour is a direct consequence of its amphiphilic 
nature and positively charged head group. In addition to its medicinal importance, CPC 
is industrially important for its detergent action. It is used in flotation68 ,69
 and a wide 
variety of other processes where a positively charged surfactant is advantageous. 
99 
Chapter Four 
4.2.5. Interactions Between a Hydrophobic 
Probe and a Leaf Surf ace 
In order to investigate the hydrophobic attractive force associated with a leaf 
surface a hydrophobic probe must be produced. Silica probes were plasma treated and 
then exposed to trimethylchlorosilane ( TMCS ) vapour. Treatment was carried out in a 
dessicator with silica gel to remove water vapour. This was necessary to prevent 
polymerisation of the trimethylchlorosilane on the surface of the silica probe.70 Vapour 
treatment leads to a less hydrophobic substrate, with an advancing angle of between 60° 
and 90° depending on the treatment time, but the hydrophobic layer is more likely to be 
monomolecular. 70 The interaction between hydrophobised probes and the surface of 
leaves from the Sacred Bamboo plant ( Nandina Domestica ), were investigated. The 
hydrophobic surface of these leaves are of interest when investigating the hydrophobic 
interaction as they have advancing contact angles of up to ~ 150°. Leaf surfaces were 
prepared by rinsing in water, spraying with ethanol, followed by a final water rinse 
before attachment to a magnetic stainless steel stub. The surface of these leaves was 
investigated by cryogenic scanning electron -microscopy using a Hitachi S2250N SEM 
fitted with a Fulham peltier cooled stage. 
4.3. Results 
4.3.1. Polypropylene 
Measurements of the contact angle between polypropylene and water or Na Cl 
solutions of different concentration, gave advancing angles between 103° and 111 ° and a 
receding angle of 90°. 
The interaction force between two polypropylene surfaces was measured as a 
function of separation distance in NaCl solutions over a range of concentrations. The 
effect of dissolved gas on the range and magnitude of the interaction was also 
investigated. Springs differing in stiffness by more than two orders of magnitude were 
used to investigate the interaction at both long and short range. A typical spring constant 
for the weaker spring was 0.30 Nm- 1, whereas that of the stiffer springs was ~60 Nm-1. 
The results obtained using the weak springs fall into two categories. The first 
consisted of a long range repulsion resulting from the interaction of diffuse double layers, 
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followed by a jump into adhesive contact as the gradient of the attractive force exceeded 
the spring constant. This jump to contact occurred from various separation distances 
depending on the particular experiment, but always occurred from a distance substantially 
greater than that expected for the van der Waals interaction between polypropylene 
surf aces. An adhesion between the two surfaces, as they were pulled apart, was always 
observed in these experiments. The second type of experimental result consisted of a 
long range repulsive force which was variable and could not be explained by electrostatic 
repulsion. No van der Waals jump or adhesion of the surfaces was observed under these 
conditions. This type of result was therefore attributed to contamination arising either 
from solutions, equipment or glassware or from the polymer itself ( i.e. anti-oxidants or 
plasticisers ), or to entrapment of an air bubble between the surfaces on injection. 
Experiments using hydrophobic surfaces in water are particularly sensitive to surface 
contamination. 71 The high interfacial energy favours adsorption of any suitable 
contaminant. In summary, repulsive forces with a decay length markedly different to the 
Debye length, with no jump to adhesive contact, were assumed to be due to 
contamination and rejected. 
All theoretical curves were calculated using a Runga-Kutta numerical solution to 
the non-linear Poisson-Boltzmann equation 72 and a non-retarded Hamaker constant of 
0.64 x 10-20 J. The Hamaker constant was calculated using an oscillator model
73 with 
the approximations that the UV spectral data for polypropylene could be represented by 
the first ionisation potential for polymethylene 74 and the IR spectral data by that of 
CH3(CH2)14CH3,75 The calculated Hamaker constant values were graphed and the value 
extrapolated to zero distance was used in this work. Retardation of the van der Waals 
interaction in this system results in the Hamaker constant falling to about one third of the 
initial value by 30 nm. Thus the non-retarded value is an upper limit for the magnitude of 
the van der Waals force. A similar Hamaker constant for polypropylene across water 
was calculated by Gingell and Parsegian 74 using a more sophisticated representation for 
water than the one used here. 
The interaction between two polypropylene surfaces was measured as a function 
of separation distance in 1.4 x 10-4 M NaCl using a weak spring. In these experiments 
NaCl solutions were studied under both gassed and degassed conditions. Figure 4.3 
shows a typical curve obtained with gassed NaCl. As the surfaces approach each other, 
a repulsive force due to the overlap of diffuse double layers was observed at moderate 
separations. The surfaces then jumped into contact from 22 nm due to a spring 
instability. The solid line is the theoretical force profile calculated using a constant 
potential of 45 mV which corresponds to a surface charge of 1.36 x 10-3 Cm-2 ( 1 unit 
charge/117.7 nm2 ). The dashed line is the force profile calculated using the constant 
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charge assumption for the same conditions. Quite clearly there was an additional 
attractive force present in these experiments not accounted for by DL VO theory, which 
would predict a jump distance of between 2.1 nm ( constant charge ) and 4.6 nm . 
( constant potential). Since the jump distance observed on repeated force runs was 
somewhat variable, a total of ten force curves were obtained using gassed NaCl giving an 
average jump distance of 21.0 nm with a standard deviation of 5.2 nm. 
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Figure 4.3 F /R versus separation distance for polypropylene surfaces in gassed 
1.4xl 0-4 M NaCl. The constant charge ( dotted line ) and constant potential ( solid 
line ) curves correspond to a surface potential of 45 m V. The surfaces jump into contact 
from approximately 22 nm as the gradient of the attractive force exceeds the spring 
constant of the weak spring. The gradient of the arrow corresponds to the normalised 
spring constant. 
Figure 4.4 shows a typical force curve obtained after injection of degassed NaCL 
The features are similar to those in Figure 4.3 but in this case the fitted potential is 38 m V 
and the jump distance is 13.7 nm. The surface charge in this case was slightly lower at 
1.11 x 10-3 Cm-2 ( 1 unit charge/144.2 nm2 ). Again, a jump into contact occurs from a 
distance much larger than that predicted by DLVO theory ( 2.4 to 4.8 nm), suggesting 
the presence of a large additional attractive force. The average jump distance from 25 
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force curves was 15.2 nm with a standard deviation of 4.2 nm. The measured force data 
prior to the jump, appears to lie between the constant charge and constant potential limits 
for both gassed and degassed cases. This charge regulation behaviour has been observed 
previously with mineral surfaces such as mica 76 and amorphous inorganic surfaces such 
as silica. 77 
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Figure 4.4 FIR versus separation distance for polypropylene surfaces in degassed 
1.4xl 0-4 M NaCl. The constant charge ( dotted line ) and constant potential ( solid 
line ) curves correspond to a surf ace potential of 38 m V. The surf aces jump into contact 
from approximately 15 nm as the gradient of the attractive force exceeds the spring 
constant of the weak spring, indicated by an arrow. 
Figure 4.5 compares the distribution of jump distances observed in both gassed 
and degassed 1.4 x 1 o-4 M Na Cl. The data is plotted as a percentage of the total number 
of force runs ( % frequency ) versus the jump distance. Only those force profiles with 
similar fitted potentials were compared. It is clear that in gassed NaCl, the jump distance 
is nearly always larger than for the degassed case, suggesting that the range of the 
additional attractive force is larger in the case of gassed NaCl. 
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Figure 4.5 The distribution of jump distances observed in both gassed and de-gassed 
1.4 x J0-4 M NaCl are compared. The data is plotted as a percentage of the total number 
of force runs ( % frequency ) versus the jump distance observed. Only those force 
profiles with similar fitted potentials were compared. It is clear that in gassed NaCl, the 
jump distance was nearly always larger than for the degassed case, suggesting that the 
range of the additional attractive force is larger in the case of gassed NaCl. 
In I .Ox 1 o-2 M NaCl solution, the_ electrical double layer was completely 
compressed and the surfaces jumped to an adhesive contact from an average distance of 
24 nm+ 3.5 nm. A typical example, compared to that expected for van der Waals forces 
alone, is shown in Figure 4.6. The average jump distance in 1 M NaCl was found to be 
22 nm+ 5.0 nm, which is substantially greater than that expected from van der Waals 
forces under conditions where the electrostatic double layer force was completely 
screened by the salt. 
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40 
Figure 4.6 FIR versus separation distance for polypropylene surfaces in gassed 
J.0xJ0-2 M NaCl. The solid line is the theoretical prediction based on a van der Waals 
interaction alone. The non-retarded Hamaker constant used in the calculation was 
0.64xJ0-20 J. The surfaces jump into contact from approximately 23 nm as the gradient 
of the attractive force exceeds the spring constant of the weak spring, indicated by an 
arrow. 
The results presented in Figures 4.4 & 4.6, obtained using a weak spring, do not 
provide information on the interaction at surf ace separations below about 15 nm. In 
10-2M NaCl, where there is no double layer repulsion, no significant force was observed 
until about 25 nm, where the attraction increases very rapidly, exceeding the spring 
constant, thus causing an instability. In order to obtain more information on the 
interaction at small separations, it was necessary to use a much stiffer spring, even 
though a loss of sensitivity resulted. A comparison of FIR verses separation distance in 
gassed and degassed lxl0-4 :NI NaCl is presented in Figure 4.7. These curves were 
obtained with a spring approximately 200 times stiffer than those presented in Figures 
4.3 to 4.6. The interaction in both cases was purely attractive with a jump to contact as 
the force gradient exceeds the spring constant. A small double layer repulsion may be 
present, however it cannot be observed because of the lower sensitivity associated with 
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using a stiff spring. Also masked in this experiment is the long range behaviour 
observed in the previous experiments with a weak spring. Thus, within the sensitivity of 
the measurement, there appears to be little difference in the force profile, at separations 
<10 nm, between polypropylene surfaces in gassed and degassed NaCl solutions. 
Figure 4.8 compares the force profile obtained in gassed lxl0-4, lxI0-2, and 1.0 M 
NaCl. Again, within the sensitivity of the measurement there appears to be no obvious 
relationship between the measured force and the ionic strength of the solution. There is 
certainly no trend with ionic strength which would suggest an electrostatic mechanism for 
the hydrophobic interaction. 
10 
,,-..,. 
~ 
] 0 
'-' 
~ 
~ 
-10 
-20 
0 
~~ 
'a 0, 
~ I 
10 
Distance (nm) 
20 
Figure 4.7 FIR versus separation distance for polypropylene surfaces in gassed ( filled 
symbols) and degassed ( open symbols) l.OxJ0-4 M NaCl, measured using a stiff 
spring. The solid line is the theoretical prediction based on a van der Waals interaction 
alone. The non-retarded Hamaker constant used in the calculation was 0.64xJ0-20 J. 
The arrow indicates the onset of a spring instability , whereby the surfaces jump into 
contact. 
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20 
Figure 4.8 FIR versus separation distance for polypropylene surfaces in gassed 
1 xl 0-4 M ( filled circles ), 1 xl 0-2 M ( open squares ) and 1. 0 M ( crosses ) NaCl 
solutions. The solid line is the theoretical prediction based on a van der Waals interaction 
alone. The non-retarded Hamaker constant used in the calculation was 0.64xJ0-
20 J. 
The arrow indicates the onset of a spring instability , whereby the surf aces jump into 
contact. 
A very short range repulsion was present in all of the force curves obtained with 
the stiff spring. This is most likely due to compression of surface asperities. These 
polypropylene surfaces are rougher than Langmuir-Blodgett deposited surfactant layers 
on mica. This is clear from the AFM image presented in Figure 4.2. Certainly one 
would not expect a hydration type repulsion like that observed between mica
76 and silica 
surfaces 77 to be present on these very hydrophobic polymer surfaces. Similarly, an 
electrostatic origin can be ruled out as this repulsion was present even in 1 M Na Cl. 
Further, the adhesion of the polypropylene surfaces measured in these experiments was 
approximately 35 mN m-1 and did not appear to be influenced by the ionic strength of the 
NaCl solution. It is well known that surface roughness on the order of nanometres can 
significantly reduce adhesion.78 The adhesion value measured in this study corresponds 
to an interfacial energy of approximately 2.8 mJ m-2. This may be compared to other 
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reported values in the range 11 mJ m-2 for CT AB surfaces9 to 35 mJ m-2 for LB coated 
hydrocarbon surfactants on mica. 13•79 A similar decompression curve was obtained as 
the surf aces were pulled apart. 
Figure 4.9 compares the results in gassed NaCl obtained in this study with those 
obtained between hydrophobic surfaces by other workers . The results obtained in this 
study fall between those reported previously. The calculated van der Waals attraction is 
shown for comparison. The solid line is calculated for polypropylene whereas the dotted 
line is calculated for mica with a thin layer of hydrocarbon. 
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Figure 4.9 Comparison of the hydrophobic interaction between polypropylene 
surfaces in gassed I .4xJ0-4 M NaCl measured in this study ( open triangles) with those 
measured by other workers, using the SF A, ( filled squares, 9 open squares, 12 filled 
triangles, 11 filled circles, 53 open circles BO) with surfactant coated surfaces. The solid 
line is the calculated vdW attraction for polypropylene surfaces and the dotted line is the 
calculated vdW attraction for mica surf aces with a mono layer of hydrocarbon. 
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4.3.2. Silica Immersed in CT AB Solutions 
Systems involving surfaces coated with surfactants adsorbed from solution are of 
particular interest when studying the hydrophobic attraction, as they are perhaps the most 
relevant to biological and industrial processes. Such systems received much early 
attention in investigations of the hydrophobic attraction.
8-11 •71 Most studies since have 
investigated surfaces prepared by other means with the exception of a few. 
28 ,81 ,82 
Perhaps the primary motivation for investigating surfaces prepared by other means, such 
as Langmuir-Blodgett deposition 12•13 •17•31 •79•
83 and chemical modification, 14,24,84 has 
been the greater magnitude of the forces and the increased range over which they are 
measured in these systems. The effect of experimental variables in such systems can be 
more easily deduced as the forces are larger in magnitude. Further, the necessity to 
subtract a DL VO component of the interaction to determine the hydrophobic attraction, 
may be eliminated or minimised. 
However, the recent work by Kekicheff and Spalla has shown that large attractive 
forces extending to greater than 50 nm can be detected between equilibrium adsorbed 
layers of CT AB on glass surfaces. 28 This raises the possibility that hydrophobic forces 
similar in strength and range to those seen between LB deposited films may be seen 
between surfactant adsorbed surfaces. The measured attraction between CT AB coated 
silica surfaces in equilibrium with solution is used here to study the effect of the rate of 
approach of the surf aces on the measured force. 
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Figure 4.10 FIR versus separation distance for silica surfaces in 2.2xJ0-5 M CTAB 
solution. The attraction was measured at an approach rate of 850 nm s-1 for all three data 
sets shown. The arrow indicates the onset of a spring instability where the gradient of 
the attractive force exceeds the spring constant. 
Preliminary investigations revealed that the magnitude of the hydrophobic 
attraction was dependent upon the concentration of the solution. The forces at 
1.0xl0-5 M being considerably smaller than the measured interaction at 2.2xl0-5 M. 
The normalised force versus separation for three separate force runs in 2.2x 10-5 M 
CT AB are shown in Figure 4.10. An interaction extending to approximately 90 nm is 
seen. The curves were obtained using a weak spring which precludes the measurement of 
the interaction at small separations as the surfaces jump together when the gradient of the 
attractive force exceeds the measured spring constant. These three data sets were 
obtained with the same approach rate of 850 nm s- 1. It should be noted that these 
approach rates far exceed the rate at which measurements are usually conducted using the 
surface forces apparatus. 
Upon increasing the rate at which the surfaces approach the measured attraction 
diminishes. This is illustrated in Figure 4.11 for three curves acquired at different 
approach rates. The data for the faster approach rates in Figure 4.11 were obtained 
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immediately prior to the data presented in Figure 4.10. From this it is clear that the 
variation in the measured force with changing approach rates is considerably greater than 
the variation between data obtained at the same rate. 
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Figure 4.11 The effect of approach rate on the measured interaction. FIR versus 
separation distance for silica surfaces in 2.2xJ0-5 M CTAB solution. The attraction was 
measured at three different approach rates of 2830 nm s-1, 1700 nm s-1 and 850 nm s-
1. 
In order to investigate the forces at small separations it is necessary to use a much 
stiffer spring. This results in a considerable loss of sensitivity which may be combated 
somewhat by averaging data over several runs when using the LLIFE. The measured 
attraction between silica surfaces for a solution of I .Ox 10-5 M CT AB is shown in Figure 
4.12. The force can be fitted to a double exponential as shown in Equation 4.3. 
½=-I7mN/m exp(-%nm)-6mN/m exp(-1½onm)· (4.3) 
The adhesion force was found to be 88 mN m- 1 which gives a value for the 
interf acial tension Ysv of between 7 mJ m-2 and 9 .4 mJ m-2 depending on which limit of 
the Johnson Kendall Roberts ( JKR) theory85 is chosen. This value is slightly lower 
than the value reported by Israelachvili9 for CT AB coated mica surfaces of 11 mJ m-
2. 
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The discrepancy may be due to the greater roughness of silica surf aces or twisting of the 
cantilever, either could lead to a lower adhesion. 
Advancing and receding contact angles were measured by the sessile drop 
method. A solution of l.0xl0-5 M CTAB gave an advancing angle of 75° and a receding 
angle of 46° on a plasma treated silicon surface. A solution of 2.0x 10-5 M CT AB gave an 
advancing angle of 71 ° and a receding angle of 45° on the same surf ace. 
10 
5 
0 
-E -5 .._ z 
E -a: -10 
u:: 
-15 
-20 
-25 
~ 
I 
• 
I -
. . -. . -. . --- -. . - . ---.. .• -.. ... -- ... .. - -. ,__ . - ...... - - -- .. -. ~- . . - ~ -~ 
• • • 
. . -• • . . 
. . 
-. 
• • 
. 
• 4 
--. . I 
-
_J 
I I I I 7 I 7 7 -. I 
-20 0 
' -
I I I I I I I I I I I I I I I I I I I I I I I I 77 
20 40 60 80 100 120 
Distance (nm) 
Figure 4.12 FIR versus separation distance for silica surfaces in l.OxJ0-5 M CTAB 
solution measured using a stiff silicon spring. The attraction was measured at an 
approach rate of 670 nm s-1. The data shown is an average of 15 approaches. Averaging 
was necessary to minimise instrumental noise. 
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4.3.3. Silica Immersed in CPC & 0.1 M NaCl 
Solutions 
It has been demonstrated above, that very long range attractive forces can be 
measured between surfaces made hydrophobic by adsorption from solution and that 
moderately ranged forces between polypropylene surfaces are unaffected by addition of 
salt. This raises the question, does a long range hydrophobic attraction exist between 
adsorbed surfactant layers in the presence of high salt concentrations? Addition of NaBr, 
in high concentrations, to solutions of CT AB lowers the Krafft temperature below room 
temperature, causing the CT AB to precipitate. For this reason solutions of an alternative 
cationic surfactant, Cetylpyridinium chloride ( CPC ) were used with a salt 
concentration of 0.1 M NaCl. The Krafft temperature of these solutions is below l 7°C. 
By varying the concentration of surfactant, whilst keeping the salt concentration constant, 
the concentration at which a monolayer of surfactant forms may be determined. Addition 
of 0.1 M salt typically lowers the critical micelle concentration of an ionic surfactant by 
approximately an order of magnitude, due to increased screening of the head group 
charge. Similarly, the concentration of surfactant at which a monolayer forms on a silica 
surface may be expected to be approximately an order of magnitude lower in 0.1 M salt. 
Figure 4.13 shows typical curves from four experiments using concentrations of 
CPC in 0.1 M NaCl varying from 3.0xl0-6 M to 1.0xl0-5 M. A weak spring is used 
and no interaction is measured prior to the surfaces suddenly jumping into contact, due to 
the onset of an attractive force leading to a spring instability. CPC concentrations of 
3.0xl0-6 M, 8.0xl0-6 M and 1.0xl0-5 M resulted in jump distances of between 12 and 
20 nm, whereas the intermediate CPC concentration of 5x 10-6 M gave rise to attractive 
jumps from distances of 40 nm and greater. A later experiment using a stiff spring also 
found large, very long ranged, attractive forces present in a solution of 6x 1 o-6 M CPC 
and 0.1 M NaCl ( described later in this section). 
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Figure 4.13 FIR versus separation distance for silica surfaces immersed in a series of 
CPC solutions of different concentration. All solutions have a NaCl concentration of 
0.lM. The solutions, in increasing concentration, are 3.0xl0-6 M CPC in 0.1 M NaCl 
( crosses, B ), 5.0xl0-6 M CPC in 0.1 M NaCl ( dots, D ), 8.0xl0-6 M CPC in 
0.1 M NaCl ( triangles, C) and l.0xl0-5 M CPC in 0.1 M -NaCl ( diamonds, A). 
The letters denote the point from which the surfaces jump into contact and the gradient of 
the arrows indicate the spring constant. The calculated retarded vdW force ( open 
circles ) for silica-water-silica is shown for comparison. 
As with CT AB solutions presented earlier, the effect of approach rate on the 
measured attraction was investigated. However, due to the weakness of the springs 
used, each interaction may be represented solely by a single parameter, the jump distance. 
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In solutions where the measured attraction was very large, a large adhesion or the 
formation of a cavity resulted upon retraction of the substrate. Consequently after each 
approach of the surfaces it was necessary to separate the surfaces manually. In solutions 
where the jump distances were smaller the adhesion was significantly less and the 
surfaces would separate upon retraction of the substrate with the piezo. For this reason a 
solution of 8.0xl0-6 M CPC in 0.1 M NaCl was used, which gives moderate jump 
distances. The jump distances are variable, therefore a number of interactions, at rates 
varying over three orders of magnitude were measured. The results are presented in 
Figure 4.14. The rates were varied from one measurement to the next, to avoid any 
systematic error resulting from a change in the interaction over time. Measurements were 
not conducted continuously, minimising disruption to the adsorbed surface layers. The 
results suggest that the range of the onset of the interaction is inversely related to the 
logarithm of the approach velocity, but due to the variation in the measured jump 
distances, the error bars are large and any conclusion must be drawn cautiously. 
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Figure 4.14 The interaction between silica surfaces immersed in a solution of 
8.0xlO-6 M CPC and 0.1 M NaCl is characterised by a sudden jump into contact from 
approximately 18 nm. The jump distances measured at different approach rates from 26 
curves were analysed and the average jump distance versus the approach velocity is 
shown. The error bars denote standard deviations. 
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Using a much stiffer spring, a greater range of the interaction force can be 
investigated. Further, upon separation, the stiffer spring results in the surf aces 
separating within the range of the piezo travel, even for the most strongly attracting 
surfaces. The reduction in sensitivity that results can be minimised by averaging the data 
from several approaches. The results of interaction forces measured between silica 
surfaces in 6.0xl0-6 M CPC and 0.1 M NaCl, using a stiff spring are shown in Figure 
4.15. Here the effect of the approach velocity can be more easily seen. Again increasing 
the approach velocity is seen to reduce the magnitude of the attractive force. 
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Figure 4.15 FIR versus separation distance between silica surfaces immersed in 
6xl 0-6 M CPC and 0.1 M NaCl measured using a stiff spring. The curves were 
obtained with approach velocities of 1000 nm s-1 ( open squares) and 100 nm s- 1 
( filled circles ) and are averaged over 10 approaches. 
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Figure 4.16 FIR versus separation distance between silica surfaces immersed in 
5xl 0-6 M CPC and 0.1 M NaCl measured using a stiff sprfng. The interaction 
measured in both gassed ( filled circles ) and degassed ( open circles ) is shown. The 
gassed curve was measured immediately prior to injection of degassed solution. Similar 
results were obtained on reversing the order. The curves were obtained with approach 
velocities of 1000 nm s-1and are averaged over 30 approaches. 
The studies, presented earlier, on the effect of dissolved gas between 
polypropylene surfaces were somewhat inconclusive. A statistical difference was seen 
using the weak springs but no effect within experimental error could be deduced from the 
very short range attraction seen using a stiff spring. The very long range strongly 
attractive forces between CPC coated surfaces presents a system more suitable to the 
study of the effect of dissolved gas on the interaction. The anticipated change in pH upon 
removal of dissolved CO2 is unlikely to be of any importance in the presence of 0.1 M 
electrolyte, which strongly screens electrostatic forces ( r 1 <1 nm). The removal of 
dissolved gas is seen to diminish the force at large separations but at very small 
separations, the magnitude of the attraction is very similar ( see Figure 4.16 ). This 
behaviour was also seen when the degassed curve was obtained prior to the gassed 
curve. Double exponential equations that fit the experimental data are shown below for 
the normal ( Equation 4.4 ) and degassed ( Equation 4.5 ) interactions, indicating the 
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lesser range and magnitude of the long range component of the attraction for the degassed 
interaction. 
½=-40mN!m exp(-Dfi6nm)-10mN/m exp(-%5nm) (4.4) 
½=-45mN!m exp(-o/ilnm)-8mN/m exp(-%onm) (4.5) 
The adhesion for both cases was measured to be 210 mN m-1 which gives rise to 
a calculated85 Ysv value of between 16.7 mJ m-2 and 22.3 mJ m-2. 
Advancing and receding contact angles were measured by the sessile drop 
method. A solution of 5.0xl0-6 M CPC and 0.1 M NaCl gave an advancing angle of 60° 
and a receding angle of 31 ° on a plasma treated silicon surf ace. 
4. 3. 4. The Leaf of Nandina Domestica: A 
Naturally Hydrophobic Surface 
Hydrophobic surfaces studied so far have required careful preparation but 
naturally occurring hydrophobic surfaces are available that require little preparation. The 
Sacred Bamboo plant ( Nandina Domestica ) has a thick glaucous coating on the upper 
side of the leaf that renders the surf ace hydrophobic. Contact angles on the leaf surf ace 
exhibit advancing contact angles of up to 150° and receding angles of ~ 120°. The high 
contact angles may in some part be due to the roughness of the leaf surface ( see Figure 
4.17 ). 
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Figure 4.17 Scanning electron 1nicrograph of the leaf of Nandina Doniestica. Bumps 
separated by approxiniately 50 µni can be clearly identified. The surface roughness in 
evidence contributes considerably to the high contact angles exhibited by water droplets 
on the upper suiface of these leaves. 
A typical force curve between a silanated silica probe and a leaf surface in 0.1 M 
NaCl is shown in Figure 4.18. On approach no interaction is seen until the surfaces 
suddenly jump into contact from approximately 25 n111. Initially there is a softness in the 
compliance region. This may be attributed to the substrate moving towards the probe 
under the attraction or deformation of the leaf surface. Upon separation, the surfaces 
remain in contact until sudden separation occurs and the surf aces jump to a separation of 
approximately 190 nm. The curved compliance region seen upon separation is most 
likely due to flexing of the leaf surface under the adhesive force. 
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Figure 4.18 FIR versus separation for a silanated silica probe and the upper surface of 
a leaf of Nandina Domestica in 0.1 M NaCl. No interaction is seen upon approach until 
a sudden jump into contact occurs from about 25 nm. A softness in the compliance is 
evident which can be interpreted as flexing of the leaf surface. The flexing is more 
pronounced upon separation prior to the surfaces separating. 
Occasionally a very different force profile was evident ( see Figure 4.19 ). An 
unambiguous interpretation of the data is not possible but the most plausible interpretation 
involves the presence of a bubble on the leaf surface. On approach no force is seen until 
a large jump of over 400 nm is seen ( from a surface separation of~ 1200 nm). This 
jump is then arrested prior to the surfaces contacting. Upon separation a large and 
unusual adhesion profile is evident which may be interpreted as arising from the surfaces 
being connected by a bubble or cavity. A particularly interesting part of the interaction 
occurs on approach at the arrestment of the jump, where the spring moves to a less 
deflected position, as if the bubble surface has pushed back on the probe following the 
initial jump. The jump distance of approximately 450 nm inferred by the force curve, 
may be misleading as the bubble surface will deform under attractive forces. 86 Further, 
the arrested position of the probe most likely corresponds to partial engulfment of the 
probe within the bubble. 87 
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Figure 4.19 FIR versus separation for a silanated silica probe and the upper surface of 
a leaf of Nandina Domestica in 0.1 M NaCl. The unusual force profile measured may 
be interpreted as the interaction between the silanated probe and a bubble on the leaf 
surface. The presence of a bubble on the surface confuses analysis of the data. The 
distance shown is indicative of the probe surface separation, without any consideration 
given to the possible presence of a bubble. 
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4.4. Discussion 
4.4.1. Polymer Surf aces 
The further development of the colloid probe technique to enable measurement of 
surf ace forces between polymer films30 has enabled the hydrophobic attraction to be 
studied between polypropylene surfaces. A strongly attractive force extending to 
approximately 28 nm was found. The stability of these surf aces has enabled an 
unambiguous study of the effect of salt on the hydrophobic attraction to be made. The 
addition of electrolyte up to a concentration of 1 M was found to have no effect on the 
magnitude or range of the attraction. Additionally, the effect of removing dissolved gas 
from solution, on the measured force, has been studied and a small reduction in the range 
of the attraction can be inferred from the distribution of distances from which the surf aces 
jump into contact. 
Several studies of the interaction between polymeric hydrophobic surfaces have 
been reported in the literature. The first, in 1988, reported an attractive force and a jump 
into contact from 12 nm, though no data was presented. 88 Very long range attractive 
forces have been reported between mica surfaces LB coated in the· down-stroke mode 
with a polymerised amphiphile. 17•18 These surfaces have not been fully characterised, 
thus it is difficult to determine if such surfaces resemble polymer surfaces. 
Polymerisation occurs at the head group of the molecule which is in contact with the mica 
surface. The ref ore, once the LB layer is formed, the surface may be similar to an LB 
film as the unpolymerised hydrocarbon tails extend into solution. Measurements between 
bilayers of polymerised LB deposited films reveal an irreversible interaction at a surface 
separation of 20 nm, 18 suggesting the surface is not constructed of two well formed 
monolayers but rather the polymer is bunched in places on the surf ace. . If the 
polymerised surfactant is deposited in the up-stroke mode18 the forces measured are 
shorter ranged than in the down-stroke mode and are of similar range and magnitude to 
that reported by others 13 •21 for LB deposited films. The exceptionally long range 
attraction reported in the down-stroke mode may be related to the roughness of the 
deposited films. 
The measured attraction between polystyrene surfaces is found to extend to a 
range of ~ 25 nm. 25 These forces are similar in magnitude and range to the forces 
between polypropylene surfaces measured here. In contrast, the measured force between 
polymer films of plasma polymerised hexamethyldisiloxane monomers was found to 
exhibit a small repulsion down to a separation of~ 5 nm where the interaction became 
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strongly attractive. 89 The authors identify part of the repulsive component as arising 
from steric repulsion. As the mechanism of the hydrophobic attraction is unresolved it is 
difficult to determine how dangling polymer chains may influence the attraction, but their 
presence may provide an explanation as to why no hydrophobic attraction is seen in this 
instance. Recently, the forces between mica surf aces coated with pre-polymerised 
octadecy ltriethoxysilane90 have been investigated. 27 The surf aces are annealed in 
vacuum, following LB deposition, resulting in a robust highly hydrophobic ( advancing 
contact angle 112°) polymer surface. Surface force measurements revealed the sudden 
onset of a strongly attractive force resulting in the surfaces jumping into contact from 
distances between 12 nm and 18 nm. These forces are slightly smaller in range than 
those measured here for polypropylene and reported for polystyrene.
25 The measured 
force was found to be unaffected upon the addition of electrolyte ( in this case KN03 up 
to a concentration of 0.1 M ), as found in the prior study of polypropylene surfaces 
presented in this Chapter. · 
Using Colloidal Particle Scattering (CPS) van de Ven et al. 91
 have recently 
studied the interaction between polystyrene colloids and see no evidence of a 
hydrophobic attraction in contrast to the work discussed above. On closer inspection the 
difference in the results of the two studies is not surprising. The interaction measured 
using CPS was in a background glycerol concentration of 28%-50% and the particles had 
surface potentials of between -43 mV and -54 mV, in which case their hydrophobicity is 
uncertain. The interaction at less than 80 nm was not able to be investigated by this 
technique, thus the appropriate range for detecting a hydrophobic attraction was not 
studied. Tsao et al. report that no long range interaction was seen between a bare 
hydrophilic Si4N3 tip and either Teflon or polyethylene surfaces.
80 The interaction 
forces between these surfaces and a hydrophobic surface has not been reported. 
In general, forces between polymeric hydrophobic surfaces are of shorter range 
than those reported for LB deposited hydrophobic surfaces, although the contact angles 
may be similar. It is not immediately clear why the forces between the two systems 
should differ. LB deposited films may be able to form domain structures, which are not 
possible for polymer surfaces, which in tum may give rise to electrostatic correlation 
forces. However, the effect of electrolytes on the measured attraction between LB 
deposited monolayers does not support such a mechanism. 50 LB deposited films may be 
able to incorporate dissolved gases, which in tum may result in small regions of greater 
hydrophobicity or contribute to the metastability of the intervening film. A resolution as 
to why the measured forces are different may well only be forthcoming when the 
mechanism of the interaction is further elucidated. 
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4.4.2. Silica Surf aces in CTAB Solutions 
The measurement of the interaction between CT AB coated surf aces has an 
historical association with the hydrophobic attraction. It was between mica surfaces in 
CTAB solutions that the first direct force measurements of a strongly attractive non-
DLVO force were made.8•10 Later the same authors, using a purer CTAB source, were 
able to infer the presence of an exponentially decaying attraction extending to a separation 
of 1 O nm,92 by subtracting the measured force from the expected DL VO force. The first 
investigation of surface forces between silica surfaces in CT AB solutions found an 
attractive force that extended to a separation of some 20 nm93 in a solution of 4.6xl0-5 M 
CT AB. In these early studies the surfaces were not completely neutralised indicating that 
an imperfect monolayer was formed. It may be expected that the formation of uncharged 
monolayers may give rise to a larger attraction between surfaces bearing adsorbed 
surfactants. 
Recently, Kekicheff nas reported a much longer ranged attraction extending to 
approximately 80 nm between CT AB coated silica surf aces. 28 At a CT AB concentration 
of 2.2x 10-5 M the surfactant was found to adsorb to silica surfaces, neutralising them 
and presumably forming a monolayer. The hydrophobic attractive forces reported here 
were found to be of similar range to those reported by Kekicheff but in some cases are 
more than an order of magnitude stronger. It is not clear why the forces measured in this 
report are so much stronger. An error in the calibration of the spring constant of the 
cantilever can be discounted for several reasons. 1) The springs used in this study are 
identical to those used by Kekicheff ( and from the same batch ) and similar values for the 
spring constant have been used. 2) The measured adhesion ( 88 mN m-1 ), which also 
depends on the spring constant, is similar to that reported by Israelachvili for CT AB 
coated mica surfaces ( ~ 100 mN m-1 ) 9 . 3) The spring constant value calculated and 
used, ~59 N m- 1, is in the middle of the range given by the manufacturer for the stiff 
cantilever beams and 4) The attraction measured for polypropylene surfaces using a 
similar spring constant has a similar magnitude to other studies ( see Figure 4.9 ). 
The radius of the probes used in the study of Kekicheff ( and in the 
polypropylene studies), at 50-100 µm, are nearly an order of magnitude greater than the 
radius of the probe used here. Implicit in the normalisation of the force by the radius is 
the assumption that the Derjaguin approximation is valid for the interaction being 
measured. Given that the mechanism of the hydrophobic attraction is unknown and that 
it may be associated with the metastability of the aqueous film between two hydrophobic 
surf aces, 13 then it is possible that the Derjaguin approximation is invalid for 
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measurements of the hydrophobic attraction. Indeed, this has already been suggested by 
Parker et al., 24 who have also measured attractive forces ( normalised by the radius ), 
of this magnitude, between covalently modified glass surfaces. The attractive force in 
this system has been attributed to the formation and growth of sub-microscopic cavities. 
Evidence they present for the existence of these cavities are discontinuities in the force 
profile and hysteresis in the force curves ( without the surfaces coming into contact). 
No evidence of a hysteresis in the force profile was seen in this system prior to the 
surfaces coming into contact. However, if the much larger attraction seen here is 
attributable to the breakdown of the Derjaguin approximation then it is strong support for 
a cavitation related mechanism. 
4.4.3. Silica Surf aces in CPC Solutions 
Cetylpyridinium Chloride ( CPC) is a cationic surfactant with a single C16 
hydrocarbon chain, as such its solution properties may be expected to be similar to 
CT AB. The interaction between silica surfaces immersed in solutions of CPC and 0.1 M 
NaCl have been studied for the first time and a strongly attractive long range force is 
evident. The attraction is generally slightly larger than that measured in the CT AB system 
As discussed earlier, these forces are an order of magnitude greater than previously 
reported for the CT AB system. 28 The larger attraction in the CPC system, may be due to 
the structure of the pyridinium head group promoting monolayer formation. The 
pyridinium head group may favour the formation of a tightly packed monolayer due to the 
favourable 7t bonding interactions above and below the plane of the head group. 
Alternatively, the screening effects of the high salt concentration may favour the 
formation of a tightly packed monolayer. The existence of a large long range attraction in 
a solution of 0.1 M electrolyte precludes a classical electrostatic explanation for the 
attraction. 
4.4.4. Surf ace Roughness 
The macroscopic measure of hydrophobicity commonly used is the contact angle. 
It is known that the roughness of the surface effects both the hysteresis and absolute 
values measured for contact angles. 94 As yet, a study of surface roughness on the 
magnitude of the hydrophobic attraction has not been made. Such a study would 
introduce inherent difficulties, as surf aces used in surf ace forces measurements are 
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ideally flat and any roughness contributes to uncertainties in the surface separation. 
Further, the preparation and characterisation of a surface of controllable roughness poses 
considerable technical difficulties. The leaves of Nandina Domestica are naturally very_ 
hydrophobic and possess periodic mounds which result in a somewhat regular degree of 
surface roughness ( see Figure 4.17 ). The advancing contact angle for water on the 
upper surf ace of these leaves was found to be up to 150° in some samples. The very high 
contact angle can be predominantly attributed to the roughness of the leaf surface as flat 
hydrocarbon surfaces have advancing contact angles of 110° or less. The attractive 
interaction measured between the upper surface of leaves from the plant, N and in a 
Domestic a and a silanated silica probe are of moderate range ( i.e. <30 nm ) in the 
majority of cases ( Figure 4.18 ). These force curves differ somewhat in the contact 
region from those obtained between more rigid samples. Upon first contact, the 
compliance is not linear which may be attributed to two factors. Firstly the leaf surface 
may flex toward the probe under the action of the attractive surface forces. The surfaces 
will then relax after coming into contact. Secondly the leaf surface may be deformed by 
the probe following the surfaces coming into contact. If the flexing of the surface is the 
dominant effect, then the jump distance shown in Figure 4.18 accurately represents the 
true jump distance. If the softness is due to the deformation of the leaf surf ace, then the 
true jump distance is less than that indicated in Figure 4.18 by the degree of surface 
deformation ( approx. 4 nm ). Inspection of the force versus distance profile on 
retraction of the leaf surface strongly suggests that the leaf surface is flexing under the 
adhesive force. This supports the interpretation that the softness in the compliance region 
on approach is also due to flexing of the leaf surf ace. 
Occasionally, a very large attraction and unusual force profile was seen, which 
may be attributed to the presence of a bubble on the leaf surface ( Figure 4.19 ). On 
approach, no attractive force is seen until the sudden onset of a spring instability and a 
jump of approximately 450 nm, which is arrested prior to the probe and leaf _surface 
coming into contact. Upon separation the adhesion curve indicates the presence of a 
cavity or bubble between the surfaces. The attraction between the probe and the bubble 
surface will be considerably less than the jump distance, as the position of the bubble 
surface will move under the action of the attractive forces. The degree of this movement 
cannot easily be determined, but it may be the dominant contribution to the attractive jump 
of ~450 nm seen. 
The scale of the roughness of the leaves used in this study did not pose major 
difficulties for force measurement. The mounds were found to be approximately 60 µm 
apart, whilst the radius of the probe is only 10 µm. Hence the interaction in the flat 
intermediate regions could be studied. The corollary of this is that the force measurement 
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was unaffected by the ( large scale ) surf ace roughness and the ref ore the influence of 
roughness could not be studied. This was confirmed by force measurements made 
subsequent to physically flattening the mounds of a leaf, the interaction was found to be 
very similar to that measured for the pristine leaf. That the contact angle is effected by 
large scale roughness, whilst the measured force is unaffected, may partially explain why 
macroscopic contact angles are only poorly related to the measured hydrophobic 
attraction. In order to study the effect of roughness on the interaction, surf ace roughness 
on a smaller scale is required. 
Very recently, a remarkable polymeric surf ace has been produced with a static 
contact angle above 170°.95 This surface has been identified as being fractal in nature 
( i.e. rough on all scales ) and it is this property that results in the extreme contact angles 
measured. If these or similar surfaces may be prepared in a suitable manner, a study of 
the interaction forces between them may reveal the effect of surface roughness on the 
interaction. Ideally, surfaces of the same material with very little roughness would 
provide a suitable comparison. This may be achieved by sectioning if a polymer surf ace 
is used.95 
An alternative application of such surf aces would be to simulate direct 
bubble-bubble force measurements. The extremely high contact angles are a result of the 
roughness trapping very small gas bubbles on the surf ace. 
95 The small size of these 
bubbles ensures that the internal pressures are large and the bubble surf ace is much 
"stiffer" than a large bubble and therefore less deformable. Further these bubbles are 
very strongly adhered to the hydrophobic surf ace, thus the separation of the solid 
surfaces is a good approximation to the bubble-bubble separation. The errors involved 
would be considerably larger than more conventional force measurement, but if the forces 
are long ranged, these errors may not be so large as to prevent useful determinations 
being made. 
4.4.5. Electrolyte and the Hydrophobic 
Attraction 
One of the main barriers to an understanding of the underlying mechanism of the 
hydrophobic attraction is determining how the attraction extends to separations of 100 nm 
and more. Mechanisms involving classical electrostatics may give rise to forces of this 
range, that are attractive for oppositely charged surfaces or repulsive for similarly charged 
surf aces. Several proposed theories depend upon classical electrostatic interactions, 
which are expected to be screened by the presence of electrolyte. 39-42.48 Therefore these 
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theories may be tested by examining the dependence of the measured force on electrolyte 
concentration. This dependence is yet to be clearly identified. Several workers have seen 
a reduction in the magnitude of the attraction with a largely unchanged decay length upon 
the addition of salt. 18•22•50,80 Others have seen, no salt effect,9•27 or an increase in the 
attraction upon addition of salt, 24 or a decay length and magnitude of force that varies in 
relation to the salt concentration. 82 
Investigations of the hydrophobic attraction between polypropylene surfaces that 
are presented earlier in this chapter ( see Figure 4.8 ) strongly suggest that the 
interaction is independent of salt concentration. These surfaces are unchanged by the 
presence of salt in solution. These inert hydrophobic surfaces permitted the effect of high 
salt concentrations on the hydrophobic attraction to be investigated for the first time. The 
measured force in solutions of 1x10-4 M to 1.0 M is found to be unchanged within 
experimental error, whilst the Debye length changes from ~ 30 nm down to ~0.3 nm. The 
interaction in 1.0 M NaCl extends to some 33 Debye lengths. Clearly an electrostatic 
mechanism cannot explain the measured attraction between polypropylene surfaces. It 
may be argued that the total hydrophobic attraction is a result of a short range structural 
component and a longer ranged component that is mediated by another mechanism. 
Indeed, Christenson has found that the attraction is fitted by a double exponential form, 
and only the long range exponential decay is influenced by the presence of electrolyte. 50 
The interaction measured between polypropylene surf aces is short ranged in comparison 
to attractions extending to 100 nm and more between chemically modified surfaces and 
LB deposited films. Therefore an electrostatic mechanism may be ruled out for the short 
range component of the force but no information on the long range component is 
available from this system. 
In order to unambiguously investigate the effect of electrolyte on the long range 
component of the attraction a suitable system must be found. The hydrophobic surfaces 
must be unaffected by the presence of electrolyte and the force must be sufficiently long 
ranged. LB deposition of surfactants has been shown to give rise to long range forces 
but the surfaces are unstable in electrolyte solutions, particularly at high 
concentrations. 13•53 Chemical modification of surfaces by silanation is found to produce 
highly hydrophobic surfaces exhibiting a long range attraction, but the assumption that 
the surf ace is monomolecular and unaffected by electrolyte may not be accurate. A 
careful study by Trau et al. 70 has demonstrated that the layer thickness obtained depends 
on the type of silanating agent used and the method employed. Unfortunately, the more 
hydrophobic surfaces produced in this manner appear to involve surface polymerisation 
resulting in films up to 47 nm thick. These problems may be overcome by using 
appropriate methods and reagents. A further difficulty associated with these surfaces is 
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that the hydrophobicity is diminished over time when in contact with water. 
5 It has been 
shown that this is not due to solvation of the surface layer, as upon drying, the original 
contact angle may be restored, but nonetheless a surface that changes in hydrophobicity 
with time is an unwanted complication. 
Recently, Kekicheff28 has shown that long range forces comparable to those 
measured between LB deposited films exist between surfactant films adsorbed from 
solution. These systems would appear to be unsuitable to investigate electrolyte effects 
on the hydrophobic attraction as the surfactant packing at the surface will alter when the 
electrolyte concentration is changed, for a given surfactant concentration. The problem 
may be approached in a different manner. If a constant concentration of high salt is 
chosen the bulk surfactant concentration may be altered to control the surfactant density in 
the surface layer. In this way it is difficult to determine the precise effect of salt on the 
interaction as every salt concentration would require an investigation of several surfactant 
concentrations to determine the maximum interaction. However, by choosing a single, 
sufficiently high salt concentration, the presence or absence of a hydrophobic attraction 
may determine whether an electrostatic mechanism is appropriate. The surf ace forces for 
a range of concentrations of CPC, in 0.1 M NaCl were investigated and the hydrophobic 
attraction was found to be greatest at a concentration of ~5.0x 1 o-6 M ( see Figure 
4.13 ). The hydrophobic attraction measured using CPC concentrations of 5 .Ox 1 o-6 M 
and 6.0xl0-6 M in 0.1 M NaCl are strongly attractive and extend to separations of 
>90 nm ( see Figures 4.15 & 4.16 ). From this it must be concluded that the attraction 
is not electrostatic in origin as forces are measurable at more than 100 Debye lengths. 
· Further the measured interaction is larger and of longer range than any reported between 
surfactant monolayers adsorbed from solution. This does not necessarily imply that 
electrolyte increases the attraction but more likely is the result of an increase in the 
packing density of the monolayer made possible by the screening of the head group 
charge. Indeed the range of the attraction is similar to that reported for LB deposited 
films and chemically modified surfaces. 
It is clear from this work that a long range hydrophobic attraction that is not 
electrostatic in origin exists. It remains to be determined whether the hydrophobic 
interaction in all cases is due to the same mechanism, in which case it cannot be 
electrostatic in origin, or whether different mechanisms play a role. Examination of the 
literature reveals several studies that cannot be explained by an electrostatic mechanism. 
Some studies report no effect of salt on the measured attraction,9,
27 though in these cases 
the forces were short ranged. A recent study by Parker et al. revealed a very long range 
attractive force that increased upon addition of electrolyte.
24 A previous study by Parker 
and Claesson investigated the effect of ethylene glycol upon the interaction. In pure 
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ethylene glycol the interaction could be described by the vdW attraction alone. As the 
concentration of water was increased the measured attraction increased until at 51 % the 
attraction was similar to that in pure water. It might be expected that electrostatic 
mechanisms would give rise to an attraction in both fluids. However, these experiments 
cannot be used to rule out an electrostatic propagation of the force, as structural changes 
may be occurring at the surfaces thereby preventing the attraction. 
All of the studies in which a reduction in the force upon addition of salt was 
observed may be interpreted as arising from changes in the integrity or structure of the 
surfactant layer. That is, addition of salt may effect the hydrophobic surface rather than 
any direct effect upon the mechanism of the hydrophobic attraction. In the work of 
Kekicheff28 the surfactant concentration is kept constant, whilst the salt concentration is . 
varied in order to investigate the effect of salt on the attraction. The addition of salt is 
likely to increase the adsorption of surfactant to the surfaces, changing the nature of the 
surf aces . If a monolayer is already present, further adsorption will reduce the 
hydrophobicity of the surface, which may in itself explain the reduction in the measured 
force. Similarly, monolayers of adsorbed double chain surfactants may rearrange in the 
presence of electrolyte. Those studies that have seen a reduction in the magnitude of the 
interaction upon addition of electrolyte have revealed an unchanged decay 
length, 18,22,50,80 with the exception of one study28 where the interaction is seen to vary 
with twice the Debye length. This work, if verified, demonstrates an interaction that is 
very likely electrostatic in origin, but presently it is the only study that can 
unambiguously be described as demonstrating hydrophobic attractive forces that are 
electrostatic in origin. If indeed, the interaction in this case is wholly electrostatic in 
origin then another consideration arises. The mechanism responsible for the interaction 
in high salt must be absent or dramatically diminished in the low salt system. This 
implies that the mechanism present in the high salt system requires the presence of high 
salt levels! 
The contention that electrolyte has little or no effect on the mechanism of the 
hydrophobic attraction encompasses all reports dealing with electrolyte effects on the 
hydrophobic attraction but one, 28 if it is accepted that many of the surfaces studied are 
altered by the presence of electrolyte. 
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4. 4. 6. Dissolved Gas and the Hydrophobic 
Attraction 
Regardless of whether all observations of the hydrophobic attraction are due to a 
single mechanism. A mechanism not related to classical electrostatics is responsible for 
many of the measured interactions. Most alternative theories for the hydrophobic 
attraction are related to the metastability of the water film between the hydrophobic 
surfaces. This metastability is demonstrated by the formation of a cavity upon 
separation. 11 ,13 ,54 It is argued that this propensity to cavitate manifests itself in a 
strongly attractive force although how this occurs is unresolved. The presence of 
dissolved gas in solution may influence the metastability of the liquid film between 
hydrophobic surfaces and may indeed accumulate in aqueous layers near a hydrophobic 
surf ace. 96 Indeed, cavitation due to sonication is greatly enhanced in the presence of 
dissolved gas. 57 
The effect of removing dissolved gas from solution on the hydrophobic attraction 
has been studied in two systems. In both systems a reduction in force upon removal of 
dissolved gas was seen ( see Figures 4.5 and 4.16 ). Clearly the attraction is still 
present when the majority of dissolved gases are removed, but the range and magnitude 
of the interaction is reduced. That the effect is small is not surprising. Firstly, for a 
given hydrophobic surf ace the interaction is found to be largely independent of 
temperature,52 unaffected upon addition of low concentrations of other solvents
54 and, as 
discussed above, at least in these cases electrolyte concentration . Presently , an 
experimental variable that does not alter the surface, yet strongly effects the attraction is 
still to be identified. Secondly the complete removal of dissolved gas from solution was 
not possible and even if it were, prevention of readsorption of any gas was not possible 
with the available experimental arrangement. 
Currently, it cannot be determined if the decrease in the attraction upon removal of 
dissolved gas is a result of an effect in bulk or a surface effect. It may be argued that 
dissolved gas accumulates on the hydrophobic surface and in doing so increases the 
hydrophobicity of the surfaces as the vapour-water interface ( 'Yiv-z72 mJ m-2 ) is higher 
in energy than the hydrocarbon-water interface ( y81-z50 mJ m-2 ). No direct evidence to 
confirm this is available. The presence of macroscopic bubbles would have been detected 
by the FECO technique used in the surf ace forces apparatus , however very small gas 
bubbles of the order of tens of nanometres will not be detectable. A study of the 
refractive index between mica surfaces with adsorbed CT AB monolayers using the FECO 
technique found no effect on the refractive index within experimental error,
82 which 
suggests that any accumulation of gas that may occur is small. However, the values 
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obtained in this study are strongly dependent upon the model employed for the optical 
cavity. Alternatively, it may be argued that the presence of dissolved gas in bulk assists 
in the propagation of structural effects induced by the hydrophobic surface. 36 If this is 
the case, it may provide an important clue to the mechanism of the hydrophobic 
attraction. Analysis of cavities formed upon separation reveals that the cavities contain 
both water vapour and dissolved gas. 24 An inability to separate surface effects from bulk 
effects for dissolved gas, precludes any definite conclusions being drawn on the 
mechanism of interaction from dissolved gas studies alone. 
4. 4. 7. The Hydrophobic Attraction and the Rate 
of Approach 
The light lever technique enables greater approach rates to be studied in 
comparison to the SF A. The maximum useful approach rate is limited by the onset of 
hydrodynamic forces, which are determined by the radius of the probe and the viscosity 
of the solution.97 Using the equation for the hydrodynamic force derived by Chan and 
Horn97 it is found for the small radius probes used in this work, that approach rates of 
1 mm s-1 are required before the hydrodynamic force becomes significant in water. The 
quickest approach rates used in this study are more than two orders of magnitude less. 
Traditionally, the rate of approach of the surf aces in force studies has not been considered 
important, as DL VO interactions are unaffected at experimentally available approach 
rates. However, as the hydrophobic attraction is not of classical electrostatic origin, at 
least for some systems, a study of approach rates is warranted. The approach rates of 
two systems using silica surfaces were studied, CPC in 0.1 M NaCl and CT AB, at rates 
from 1 nm s- 1 to 2830 nm s-1• The effect of the approach rates upon the interaction are 
illustrated in Figures 4.11, 4.14 and 4.15. Figures 4.11 and 4.14 are interactions 
measured using a weak spring. Hence, the full range of the interaction cannot be 
measured. For the CT AB system the interaction extends to more than 80 nm and is 
measurable to at least 50 nm before the surf aces jump into contact. As the rate of 
approach is decreased the attraction is larger for a given separation and the surfaces jump 
into contact from a greater distance. This variation is considerably larger than what is 
seen between measurements at the same rate ( cf Figure 4.10 ). The change in force 
with approach rate is not attributable to any artefact associated with the operation of the 
LLIFE. It has been demonstrated previously ( see Figure 3 .13 ) that the_ measured 
interaction in other systems using the LLIFE does not change as a function of the rate of 
approach. 
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For the CPC system, the onset of the attractive force was so sudden that only a 
jump into contact was seen. In this case jump distances are variable and caution must be 
used in evaluating the data. It may be argued that the true surface separation is changed 
by vibrations of the cantilever spring and that a slower approach rate increases the 
probability of the surfaces interacting when the true distance is less than the distance 
determined from the piezo voltage. The silica probe for this experiment was situated on 
the tip of a V shaped cantilever spring of length ~ 100 µm and spring constant 0.21 N m-
1. A force of only 1 nN acting on the tip of the spring will result in a 5 nm deflection at 
the tip. For this reason the effect of mechanical vibrations may have a considerable effect 
on the jump distance measured. If the variation in the baseline of the measured 
interaction is computed and the assumption is made that all the noise present is due to 
vibrations at the tip of the cantilever, a measure of the amplitude of spring vibrations may 
be determined. Such a calculation yields a deflection of <± 0.5 nm. This is an upper 
limit, as electronic noise will provide the main contribution to the noise in the baseline. 
Clearly the measured variation in the jump distances is larger and cannot be attributed to 
spring vibrations. By using a stiffer spring, the interaction at smaller separations can be 
investigated and the effect of the approach rate can be evaluated with more certainty. A 
ten fold decrease in the rate of approach, results in an increase in the measured attraction 
as depicted in Figure 4.15. 
From these measurements we may conclude that a decrease in the measured 
attraction is seen upon increasing the approach rate. This is further support for a 
non-electrostatic mechanism and strongly suggests that the same mechanism is 
responsible for the interaction in both the high salt ( CPC ) and no added salt ( CT AB ) 
systems. 
4.4.8. The Mechanism of the Hydrophobic 
Attraction 
The mechanism or mechanisms generating the hydrophobic attraction remain 
unresolved. An important issue that must be clarified, before the many and varied results 
present in the literature can be interpreted as a whole, is whether the hydrophobic 
attraction arises from a single mechanism or from a multitude of mechanisms. The need 
to rationalise results that differ from previous results, is the primary motivation for 
invoking two or more mechanisms to explain the hydrophobic attraction. Before a multi-
mechanism approach is embraced, the current literature should be carefully evaluated to 
determine if some rationalisation of the varied results may be achieved. Further, if a 
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multi-mechanism model is embraced, a determination of how the results may be grouped 
and assigned to each type of mechanism needs to be made. Such an evaluation will 
naturally begin with the type of surface investigated and the response of the interaction to 
electrolyte concentration. 
The hydrophobic surf aces investigated by direct force measurement can be 
grouped into four categories. 
A) Surfaces made hydrophobic by adsorption of surfactant from solution. 
B) Surfaces made hydrophobic by adsorption of water insoluble surfactants. 
These include surfaces prepared by Langmuir Blodgett deposition, or adsorption from 
organic solvents 
C) Surfaces chemically modified, usually with silanating agents, producing 
covalently bound hydrophobic surfaces. 
D) Solid polymer surfaces. 
Surfaces that fall into categories B and C generally give rise to long range 
attractions extending to greater than 100 nm. 13•14•84•98 Until recently surfaces from 
category A were thought to exhibit much shorter range attractions 11 but recently28 it has 
been demonstrated that attractions of up to 80 nm are seen. This has been extended to 
nearly 100 nm in this study. Thus the surfaces of categories A, B and C may all exhibit 
similar long range attractions extending to 100 nm or more. 
The investigation of solid polymer surfaces has only occurred more recently,25-27 
the first data being presented in 1993. The interaction is found to be relatively short 
ranged extending to less than 30 nm. One could argue that the range of the attraction 
measured between hydrophobic polymer surfaces is likely to be extended over coming 
years, as historically the range of the measured interaction for the other surf ace 
preparations has increased over time. Meanwhile, it may be argued that the interaction 
between polymer surfaces stands apart from the interaction measured for all other surface 
preparations, as the attraction is much shorter in range. Does this indicate a different 
mechanism is acting between polymer surfaces or is this a result of the nature of the 
surface? Polymer surfaces exhibit a sharp rigid hydrophobic-aqueous interface whilst the 
other surfaces possess a hydrophobic-aqueous interface that is more diffuse and on a 
molecular scale non uniform ( Note the investigations by Trau et al. 70 highlight the 
uncertain nature of the chemically modified surfaces ). The latter surfaces may allow 
incorporation of dissolved gas in the hydrophobic layer which as argued earlier may give 
rise to a larger attraction. Indeed dissolved gas may adsorb to polymer surfaces but to a 
lesser extent as it cannot be incorporated into a surface hydrophobic layer. Such an 
interpretation is consistent with the reduction in the attraction seen upon removal of the 
majority of dissolved gas. Alternatively, the formation of domains, which is not possible 
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for polymer surfaces, may give rise to attractive electrostatic correlation forces, but an 
electrostatic mechanism for the hydrophobic attraction has already been shown to be 
inconsistent with most studies. Further, polymer surfaces may contain oxidised surface 
groups which migrate towards the polymer-water interface but away from polymer-air 
interface, thereby rendering the surface less hydrophobic in solution. 
30 
made. 
Thus three contentions based on this work and the work in the literature can be 
1) The majority of surfaces give rise to a similar range of attraction. 
2) The shorter range forces seen between polymer surf aces may be due to the 
way polymer surfaces interact with dissolved gases or aqueous solutions. 
3) An electrostatic mechanism for the attraction can be discounted. 
These contentions are all reasonable and encompass the vast majority of results in 
the literature, as such it may be expected that a single mechanism may give rise to all the 
reported measurements of the hydrophobic attraction. Before a multi-mechanism 
approach is accepted the possibility of a single mechanism for the attraction should be 
proved untenable. The similar effects on the attraction exhibited when varying the 
approach rate and gas content in different systems, may be interpreted as evidence of a 
single mechanism for the attraction. 
4.4.9. Speculative Comments 
A mechanism that is not of classical electrostatic origin must be sought to explain 
the hydrophobic attraction in most if not all cases. The primary challenge is to elucidate 
the means by which the hydrophobic surfaces communicate their proximity at separations 
of 100 nm and more. 
Several observations from other fields that deal with the behaviour of water may 
provide some insight. In the study of cavitation of supersaturated water, it is accepted 
that water contains long lived micronuclei in the bulk of the fluid that can be removed, to 
an extent, by degassing but with much greater efficiency by subjecting the water to 
several hundred atmospheres of mechanical pressure. 99 Thus the micronuclei can be 
crushed out of existence. In the field of sonochemistry it is also well established that free 
radicals are produced as a result of the growth of long lived micronuclei during the 
negative pressure cycle of the sound wave.57 These micronuclei are equally present in 
tap and distilled water and occur in the bulk of the liquid, well away from any surf ace. 
Recent controversial work has shown that micronuclei in water ( or bubstons ) 
congregate forming fractal structures large enough to scatter light. 1
0° Further the 
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concentration of bubstons is higher near a hydrophobic surface in water. 101 Analysis of 
the flqw of water in thin hydrophobic capillaries45•46 suggests that slip does not occur 
directly over the solid surface but over a gap between the liquid and the solid. 
These apparently disparate observations from a number of different fields may 
provide important clues to an understanding of the hydrophobic attraction. A speculative, 
partially formed, mechanism may be suggested. At the hydrophobic-aqueous interface 
vacuum fluctuations of sub angstrom level occur due to the lack of hydrogen bonding 
with the interface. These fluctuations would occur at a very high rate similar to the time 
of molecular reorientation. Such fluctuations would give rise to high frequency 
longitudinal waves emanating into the aqueous phase. Micronuclei, near the hydrophobic 
surface, may contribute to transmission of the waves by surface oscillations. When the 
waves from two hydrophobic surfaces interact, the formation of a standing wave between 
the surfaces creates regions of low pressure. It is favourable for micronuclei and small 
bubbles to migrate to these low pressure nodes, which include the hydrophobic surfaces . . 
Any change in separation of the surface will alter the frequency of the standing wave, 
causing micronuclei and bubbles to grow and migrate and may give rise to adsorption at 
the surf aces and further enhance the surface fluctuations. Such a description is highly 
speculative and really only serves as a prompt to consider the curious properties of water 
revealed by investigators in other fields. 
4.5. Conclusions 
The first conclusion that can be drawn is that the hydrophobic attraction is present 
between a variety of hydrophobic surfaces. Both the presence of dissolved gas in 
solution and the rate of approach of the surfaces was found to effect the interacti9n. It is 
unclear whether the dissolved gas alters the interaction by adsorption to the surfaces or if 
the effect is due to its presence in bulk. The discovery that the magnitude of the 
interaction is dependant upon the approach rate may provide a useful insight into the 
mechanism of the attraction. Mechanisms that involve cooperative adsorption of 
surfactants or the formation of bubbles or cavities may well be expected to depend on the 
rate at which the surf aces approach. 
The hydrophobic attraction in some, if not all cases, is not mediated by a classical 
electrostatic mechanism. Evidence for this comes from the strongly attractive force, 
extending to approximately 100 nm, between silica surf aces in solutions of the cationic 
surfactant CPC and 0.1 M Na Cl and from the shorter range hydrophobic attraction 
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between polymer surfaces which was shown to be unaffected by electrolyte up to 1 M. 
Where reductions in the measured force have been seen upon addition of electrolyte, they 
may be interpreted as arising from changes to the hydrophobic surf ace. This must 
strengthen the arguments for mechanisms related to the metastability of the aqueous film 
between two hydrophobic surf aces or due to hydrodynamic fluctuation effects. 
However, the means by which hydrophobic surfaces interact at separations of 100 nm 
and more remains the fundamental difficulty facing any theoretical treatment. A single 
mechanism, operating between hydrophobic surfaces, may yet be found to explain the 
majority of results reported in the literature. 
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Chapter Five 
Bubbles, Cavitation and the 
Hydrophobic Attraction 
5.1. Prologue 
This Chapter consists of three studies that were motivated by phenomena not 
usually associated with surface force measurements, but united by their relation to the 
hydrophobic attraction. It has been demonstrated previously that instruments used for the 
measurement of surface forces can also provide information on a wide variety of other 
phenomena, including viscosity, 1 cavitation, 2 refractive index, 
3 capillary condensation,4 
contact electrification,5 surface induced phase transitions
6 and frictional forces 7 . The 
LLIFE has been used to investigate cavitation issues of importance to an understanding of 
decompression sickness. This is followed by an examination of bubble coalescence 
behaviour in aqueous solutions and an investigation inspired by cavitation phenomena 
exhibited in sonication studies. Whilst hydrophobicity is central to these affairs, the 
paths the investigations take are varied and are best served separately. 
Chapter Five 
5. 2. Part I 
Sickness 
Decompression 
5.2.1. Introduction 
Decompression sickness or the bends has long been attributed to the formation in 
vivo of damaging gas bubbles. These bubbles are formed when tissue is supersaturated 
with dissolved gas to the extent where bubbles are formed as a path to equilibrium. 
Despite the growth of diving as a recreational activity the current best practice diving 
tables still have no sound theoretical basis. Adverse long term health effects may be 
suffered even in the absence of any short term decompression sickness. It is suggested 
that bubbles form and circulate in the body before any symptoms appear.8 The difficulty 
lies in the fact that bubbles causing decompression sickness are formed well below the · 
theoretical supersaturation limits of 500 atm to 10,000 atm.9 Supersaturation is defined 
as the difference between the pressure at which dissolved gas is equilibrated with the 
solution and the actual pressure which the solution is under. The experimental 
supersaturations required to produce nucleation in water at 100 atm to 300 atm are 
considerably less. However, these experimentally determined values are orders of 
magnitude higher than the degree of supersaturation that results in decompression 
sickness, which is less than 3 atmospheres. 10- 12 It is known that the nucleation of 
bubbles at a hydrophobic surface is more favourable, but this alone cannot account for 
the difference. 
This difference has been attributed to the existence of preformed micronuclei in 
solution. 13-15 It seems clear that if these nuclei are removed, by application of extremely 
high pressure or by continued boiling or evacuation, nucleation is avoided. 16 However, 
the origin of these micronuclei is yet to be adequately explained. Several suggestions 
exist in the literature. 17-19 
Evans and Walder, 13 have demonstrated that shrimps which have been treated to 
remove micronuclei are more prone to bubble formation upon decompression if rapid 
muscular contractions have taken place. This suggests that muscular contractions of the 
shrimps produce micronuclei, which then lead to bubble formation. Also, micronuclei 
may be formed when physical damage to tissue occurs. Harvey et al. 15 describe a 
procedure which eliminates micronuclei from excised tissue, but upon physical damage to 
the tissue, bubbles are formed. Ik:els, 18 using supersaturated olive oil and glycerol-water 
mixtures, has shown that bubbles can be nucleated mechanically by tribonucleation; the 
process where solid bodies immersed in a liquid make and break contact, leading to the 
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formation of nuclei. However, the wetting behaviour of the surfaces used was not 
determined. Force measurements between hydrophobic surf aces reveal a long range 
attraction, the mechanism of which is still unknown ( the hydrophobic attraction is 
discussed in detail in Chapter Four ). Upon separation of the hydrophobic surfaces a 
bridging vapour cavity has been observed for highly hydrophobic surfaces. 20-22 These 
results suggest tribonucleation at hydrophobic surfaces is involved in the production of 
micronuclei. Exercise induces mechanical stress in body tissues causing surfaces to be 
brought together and separated on a sub-microscopic scale. This process could form 
cavities, which would be able to nucleate bubble growth, should the solution be or 
become supersaturated with dissolved gases. That bends symptoms are prevalent in the 
limbs, 13 where most mechanical stress is produced during exercise, offers some support 
for such a mechanism. However, extracellular hydrophobic surfaces within the body are 
unlikely to be common; cell membranes consist largely of negatively charged and 
zwitterionic lipids aggregated into bilayers, some coated in a glycocalyx, and as such are 
hydrophilic. Tribonucleation is unlikely to occur between bilayers due to their 
hydrophilic nature, but rupture of the bilayers under mechanical stress may expose 
hydrophobic regions which are more favourable to cavity formation. 
The LLIFE has been used here to investigate the processes that occur as two like 
surfaces are brought into contact and subsequently separated. The surfaces have been 
modified by the adsorption of the cationic surfactant cetylpyridinium chloride ( CPC ). 
At low surfactant concentration a monolayer of adsorbed surfactant is formed at each 
surf ace, which renders the silica surf aces hydrophobic . At higher surf act ant 
concentration a simple model of a cell membrane can be simulated with the completion of 
a fully packed bilayer on each surface, in which case the surfaces are hydrophilic. Using 
these model surfaces, tribonucleation at both hydrophilic and hydrophobic surf aces can 
be investigated. 
5.2.2. Materials and Methods 
Interaction forces were measured between silica surf aces in solutions of 
cetylpyridinium chloride ( CPC) and NaCl using the LLIFE. The CPC was supplied 
by Sigma 98% pure and used without further purification. Details regarding the 
operation and calibration of the instrument, surf ace preparation and the spring constant 
calibration have already been reported in Chapter Three. 
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5.2.3. Results 
The measured force, normalised by the radius of the probe, between silica· 
surfaces immersed in solutions of 5.0xl0-6 M CPC in 0.1 M NaCl is shown in Figure 
5.1. This concentration of CPC is about 1120th of the critical micelle concentration 
( CMC) of ~l.0xl0-4 Min 0.1 M NaCl. 
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Figure 5.1 An interaction curve measured on approach ( crosses ) and separation 
(dots) between silica surfaces immersed in a solution of 5.0xl0-6 M CPC and 0.1 M 
NaCl. A monolayer of surfactant coats each silica surface rendering them hydrophobic. 
The type of interaction varied and may be divided into two categories. The interaction 
shown is representative of the first category, where small jumps and simple adhesion 
profiles occur. On approach no interaction is seen until a sudden jump into contact 
occurs from approximately 23 nm. This jump is indicated by an arrow the slope of 
which is the spring constant divided by the probe radius. On separation an adhesion is 
seen prior to sudden separation of the surfaces and a return to zero force. The other 
category of interaction seen is depicted in Figure 5.2. The cantilever spring used had a 
spring constant of 0.18 N m-1 and the radius of the probe was 11. 3 µm. 
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As the surfaces approached, no interaction was seen until they were within 
25 nm, where a sudden jump into contact occurred as the gradient of the attractive force 
exceeds the spring constant of the cantilever. The high background salt concentration 
screens any electrostatic DL VO component of the force. The attraction can be attributed 
to the adsorption of surfactant onto the silica surfaces rendering them hydrophobic. 
The jump distances varied considerably and fall naturally into two categories, 
defined by the force profile seen upon separation. Curves of both categories were seen 
within an experiment in the same region of the surface. The approaches exhibiting 
smaller jumps of between 20 nm and 45 nm behaved as shown in Figure 5 .1 , and 
demonstrated a "normal" adhesion. Approaches exhibiting larger jumps of greater than 
55 nm ( jumps of between 45 nm and 55 nm were not seen) differed considerably on 
separation as seen in Figure 5 .2. In this case, no interaction was seen until the surfaces 
approach to within 85 nm, where a sudden jump into contact occurs. Upon separation, a 
strongly attractive force was seen going through a maximum at approximately 300 nm 
and extending to greater than 1450 nm where it becomes repulsive. The surface 
separation was controlled by a piezoelectric tube, the range of which could not extend 
further. When the separation between the surfaces was reduced the force would follow 
the curve seen upon retraction. If however, the surfaces were separated to approximately 
50 µm or greater, and then the run repeated, no interaction was seen until a sudden jump 
occurred, as observed on the original approach. These observations are consistent with 
the formation of a bridging bubble or cavity between the surfaces. Once a cavity had 
formed between the surfaces and "survived" separation to a given distance, the cavity 
was found to be stable and remained so for several hours . Interactions as shown in 
Figure 5.1 occurred both before and after interactions of the type shown in Figure 5.2. 
This remarkable variation is discussed later. 
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Figure 5.2 An interaction curve measured on approach and separation between silica 
surfaces immersed in a solution of 5.0xl0-6 M CPC and 0.1 M NaCl for the same region 
of interaction as seen in Figure 5.1. On approach no interaction is seen until a sudden 
jump into contact occurs from approximately 70 nm ( see arrow ). This jump distance is 
much larger than the jump distance exhibited in Figure 5.1 On separation a bridging 
cavity is formed between the surfaces leading to a strong adhesion, and at greater than 
1450 nm a repulsion. The surfaces were still interacting beyond this separation, which is 
limi_ted by the range of the piezo tube. 
At a concentration of 0.001 M CPC, which is slightly above the critical micelle 
concentration of 0.0009 M, an electrostatic repulsion was observed as shown in Figure 
5.3. This is due to the formation of a charged bilayer on each silica surface. After the 
bilayers were brought into contact a steep repulsion was evident. Upon increasing the 
applied force further, the surfaces approach a further 6 nm, approximately the thickness 
of two bilayers. After this point, the scatter in the data increased dramatically most likely 
due to a bubble or cavity being formed. This extreme increase in noise is probably 
caused by vibration of the tip arising from contact of the probe with a vapour-liquid 
interface. The distance information in this region is therefore not reliable. The data 
points are shown merely to illustrate the formation of a bubble or cavity, in this case 
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whilst the surfaces were being pushed together. Upon retraction, the noise level 
remained high and a large attraction was evident ( not shown in Figure ). 
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Figure 5.3 Interaction curve measured on approach between silica surf aces in a 
solution of 0.001 M CPC. At this concentration, which was slightly above the CMC, a 
bilayer forms on each silica surface. The charge on the bilayer gives rise to a DLVO 
repulsion prior to contact. Subsequently, bilayer rupture occurred as the surf aces 
approached a further 6 nm, prior to a steep repulsion. As the surfaces were further 
forced together the scatter in the data suddenly increased. The data in this region was 
unreliable but illustrates the presence of a cavity or bubble between the surf aces. 
The interaction on approach can be fitted to a double layer force with a potential of 
+42 mV and the expected Debye length of 9.6 nm, see Figure 5.4. Here the steep 
repulsion arising from bilayer-bilayer contact has been used as the zero distance for both 
the vdW and electrostatic components of the theoretical fit. At greater applied force , the 
rupture of the bilayers was seen and the surf aces were able to approach a further 6 nm. 
The upper and lower solid lines were calculated using a numerical solution to the 
Poisson-Boltzmann equation23 for boundary conditions of constant surface charge 
( upper ) and constant surface potential ( lower ). The vdW force was included as a 
non-retarded interaction with a Hamaker constant of 8.SxlQ-21 J. 24 The +42 mV 
potential corresponds to an area per charge of 47 nm2. For a head group area of 0.4 nm
2 
the effective dissociation of chloride ions was found to be low at only 0.9%. 
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Figure 5.4 Interaction curve measured on approach between silica surfaces in a 
solution of 0.001 M CPC. The upper and lower solid lines were calculated using a 
numerical solution to the Poisson-Boltzmann equation23 for boundary conditions of 
constant surface charge ( upper) and constant surface potential ( lower). The vdW force 
was included as a non-retarded interaction with a Hamaker constant of 8.Sxl 0-21 J. The 
fit was achieved using a potential of 42 mV and the expected Debye length of 9.6 nm, 
displaced to the plane of the bilayer, indicated by the vertical line ( 6 nm ). At high 
force the rupture of the bilayer occurred as the surf aces approached a further 6 nm. 
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Figure 5.5 Interaction curve measured between silica surfaces in a solution of 0.001 M 
CPC. The charge on the bilayer gives rise to a DLVO repulsion. As the bilayers were 
forced together a steep repulsion was seen prior to the deformation and complete rupture 
of the bilayers. The surfaces approached a further 7 nm as the bilayers on both surfaces 
were squeezed out. Upon separation, the noise in the data was dramatically increased. 
The data in this region was unreliable but illustrates the presence of a cavity or bubble 
between the surfaces. The inset shows the interaction on approach and separation for the 
previous approach. The applied force was slightly less and insufficient to completely 
disrupt the bilayers. A softness at high driving force leads to a compression of about 3 
nm. This corresponds to the semi-rupture of each bilayer as a monolayer was removed 
from each surface leaving a single bilayer separating the surf aces. No cavity formation 
was seen. 
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Like the monolayer system, the formation of a cavity was not seen between 
bilayers on every occasion. However, unlike the monolayer system, the formation of a 
cavity between the surf aces could be controlled. Cavity formation was avoided by 
limiting the force with which the bilayers were pushed together. At higher forces the 
bilayers would rupture, leading to the formation of a cavity upon separation. A series of 
force runs were conducted increasing the applied force (FIR) from 1 mN m- 1 to 
5.5 mN m-1 . At 5.5 mN m-1 the applied force proved sufficient to rupture the bilayers. 
Figure 5 .5 shows the penultimate ( inset ) and ultimate runs in this series. The final run 
exhibits an electrostatic repulsion followed by a steep repulsion arising from 
bilayer-bilayer contact, before a region where the bilayers were compressed by 
approximately 7 nm, leading to their total disruption and the formation of a cavity upon 
separation, as evidenced by the noise in the data. This data is very variable but serves to 
indicate the presence of a cavity. The previous approach ( shown in , Figure 5 .5 inset ) 
exhibits similar characteristics but the force applied was less and the bilayers were only . 
compressed by about 3 nm. This compression can be interpreted as disruption of the two 
bilayers to form a single bilayer ( or a monolayer at each surface ). This behaviour for 
adsorbed surfactants has been previously reported by workers using the surface forces 
apparatus. 25 ·26 Upon separation, the disruption to the surface layers was quickly 
reversed and the same force versus distance profile as on approach was fallowed. 
Figure 5.6 shows a force versus distance profile upon separation where a 
bridging cavity has formed and the noise level has remained sufficiently low to allow the 
data to be analysed. The force at small separations was strongly attractive. A contact 
angle of 8>90° is required to give an attractive capillary force. At separations greater than 
approximately 1200 nm the measured force becomes repulsive. This can occur if the 
contact angle becomes less than 90° or as is more likely, the curvature of the interface 
becomes dominated by the radius of curvature in the plane parallel to the flat surface, 
( where the surf ace is curved towards the cavity ) leading to a change in the sign of the 
Laplace pressure. That is, if the radius of curvature parallel to the surfaces exceeds the 
radius of curvature perpendicular to the surfaces, the pressure inside the cavity is greater 
than in bulk and the force is repulsive. In terms of the schematic presented later ( Figure 
5.7) this occurs when R1 > Js. The inset in Figure 5.6, again shows the force measured 
on separation when a bridging cavity was formed, however at a separation of 
approximately 900 nm the bridging cavity breaks and the measured force returns to zero. 
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Figure 5.6 An interaction curve measured upon separation between silica su,f aces in a 
solution of 0.001 M CPC. A bridging cavity has formed giving rise to a strong attraction 
which eventually becomes repulsive. The experimental forces measured here have been 
used to derive the principal radii in Figure 5.8. The inset shows the measured force 
profile upon separation when a cavity was initially present but ruptures upon increasing 
the separation. 
Advancing and receding contact angles were measured by the sessile drop 
method. A solution of 5xl0-6 M CPC and 0.1 M NaCl initially wetted the freshly 
plasma treated silicon surface and then receded over about 20 s as a monolayer of 
surfactant was deposited. The advancing contact angle _ was initially below 50° but 
increased over two hours to give an advancing angle of 61 + 1 ° and a receding angle of 
31.5+ 1.5° on a plasma treated silicon surface. The same solution on a glass slide, 
cleaned by soaking in 10 wt% Na OH, gave a much lower advancing contact angle of 
around 23 °. However, in a solution containing a slightly increased CPC concentration of 
~5.5xl0-6 M and 0.1 M NaCl, the contact angle was found to have immediately 
increased to ~43 °. This indicates that the solution was just above the minimum 
concentration that would form a substantial monolayer on the _silica surface used in the 
force experiments. A solution of 0.001 M CPC gave an advancing angle of 51 + 1 ° and a 
receding angle of< 5° on a plasma treated silicon surface. 
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5.2.4. Discussion 
5.2.4.1. Monolayers Adsorbed to Silica Surfaces 
Measurements of the long ranged, non-DL VO, attraction between hydrophobic 
surf aces were first reported by Pashley and Israelachvili25 in 1981, and have since been 
repeated by many workers using a wide variety of substrates. The molecular origins of 
the interaction are as yet unclear and much debated. 27-3o The hydrophobic attraction is 
discussed in detail in Chapter Four. The variation in jump distances seen in this work is 
not new, 31 and may be due to a true random variation in the magnitude and range of the 
force rather than any local variation in surface hydrophobicity. That cavities were only 
observed for force curves exhibiting the larger jump distances, suggests that the 
formation of the cavity is related to the attraction between the surfaces. This could arise 
simply because larger jumps may lead to a greater impact between the surfaces, favouring 
cavity formation by tribonucleation after the surfaces have come into contact. However, 
the formation of cavities has been posed as a possible mechanism for the hydrophobic 
attraction. 22,30,32 Perhaps then a bubble is formed between the surfaces on approach and 
is only revealed upon separation. It is possible that the formation of a cavity may be the 
cause of all the attractive jumps, but only the cavities associated with the larger jumps 
remain to be seen upon retraction. Very small cavities may not be revealed by the FECO 
fringes of the Surface Forces Apparatus ( SFA ). The surfaces used here were only 
moderately hydrophobic ( advancing angle -60° ). An advancing contact angle of 60° is 
lower than expected for a pure hydrocarbon surface. This may due to the presence of 
impurities. Small amounts of impurities have been shown to reduce the contact angle on 
CT AB coated mica surf aces significantly. 33 However, solutions of purified surfactant 
were found to give identical contact angles. The solid liquid interface may not be 
completely coated with hydrophobic chains. The CPC head group may give rise to 
weaker ionic interactions with the silica substrate permitting some surfactant molecules to 
be orientated with the head group into solution and the hydrophobic chain in the 
monolayer. Such an arrangement would decrease the solid-liquid interfacial energy and 
reduce the contact angle significantly. 
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5.2.4.2. Bilayers Adsorbed to Silica Surfaces 
The surface potential obtained by fitting theoretical DL VO curves to the measured 
forces in 0.001 M CPC yields a potential for the bilayer of +42 m V as shown in Figure 
5 .4. This potential is low in comparison to the potential of +80 m V to +90 m V obtained 
for CTAB34 ( cetyltrimethylammonium bromide) and +110 mV obtained for CTAC
35 
( cetyltrimethylammonium chloride) on silica. The lower potential measured here can 
be attributed to the different chemical nature of the head group. Also the surf ace 
roughness and impurities,33 are likely to reduce the fitted potential. The adsorption of 
cationic surfactants to silica surfaces yield lower surface potentials than those obtained for 
mica surfaces. There are several possible causes of this phenomenon. CT AB -adsorbs to 
mica by an ion exchange mechanism that theoretically can occur in a 1: 1 ratio, giving a 
tightly bound cationic surfactant monolayer and subsequently a tightly packed, high 
potential bilayer. In contrast to the crystalline mica, silica surfaces carry two distinct 
types of surface hydroxyl sites; single sites and geminal sites,
36 presumably in a 
disordered array. Due to the size of the surfactant head group it is impossible for every 
silica site to be occupied and given the amorphous nature of silica it is reasonable to 
expect that a tightly packed monolayer is difficult to form. This in tum would lead to a 
loosely packed bilayer. Furthermore, the dissociation of the geminal sites is likely to be 
affected by the immediate chemical environment. The plane of the silica surface may 
retain a net negative charge as seen in zeta potential measurements of methylated silica 
surf aces. 37 If this is true then it would directly lower the magnitude of the repulsion 
measured between the surfaces and resemble a system with a lower potential at the 
surface of the bilayer. The surface roughness of silica, as compared to the molecularly 
smooth cleaved mica surfaces, may also affect the ability of cationic surfactants to form a 
tightly packed layer. The discrepancy in the measured potentials using silica and mica 
substrates is discussed at length by Rutland and Parker34 who conclude that CT AB forms 
surface aggregates, either patches of bilayers or flattened micelles, on silica surf aces as 
opposed to true bilayers on mica surfaces. This contention is supported by the recent 
work of Manne et al. 38 The lower potentials seen in this work suggest that the CPC 
aggregates formed at the surface are even less tightly packed than those comprised of 
CT AB. This may arise as a result of restricted rotation about the N-C 1 bond in CPC, 
39 
leading to packing constraints. 
Previous workers have looked at the rupture of surface aggregates using the SFA 
in solutions of CTAB25 •34 and phosphatidylcholine.26 All were able to disrupt the 
bilayers by squeezing out a monolayer from each surf ace, but were unable to exclude 
both bilayers even at FIR values far greater than those sufficient to completely rupture the 
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bilayer in this work. When mica is used as a substrate, even at forces sufficient to locally 
flatten the mica substrate the bilayer was not completely ruptured. The small radius of the 
probe used here ( 11.3 µm ) may allow rupture to occur more easily but the loose packing, 
of the bilayer is likely to be the main factor leading to complete bilayer rupture. 
Additionally, surface roughness and impurities26 are likely to favour bilayer rupture. 
Further, the fluidity of the bilayer may be important. CT AB has a Krafft temperature 
close to room temperature, which is considerably higher than the CPC Krafft temperature 
( ~6°C ). Adsorption to a substrate may induce crystallinity upon the hydrocarbon tails 
of CT AB. Any estimate of force or pressure required to rupture a cell membrane must 
take into account the presence of membrane proteins, cell coatings such as the 
glycocalyx, cell stiffness, curvature and the precise chemical composition of the 
membrane. The ref ore, no such estimate can be made from this work. 
5.2.4.3. Cavity Formation by Tribonucleation 
The capillary force generated between the probe and the flat, upon bilayer rupture, 
as a function of separation is shown in Figure 5.6. Marmur has calculated by numerical 
solution and by an approximate analytical equation, the capillary forc_e given, i) the radius 
of the probe, ii) the contact angle and iii) the surface separation.40 This is derived for the 
case of a drop of liquid between two solid surfaces in air, but is equally applicable to a 
gas phase between two solid surfaces in a liquid. If the principal radii of curvature ( R1 
and Ri) of the capillary and the surface tension of the solution, y, are known the 
pressure difference across the interface can be calculated using the Young-Laplace 
equation. 
M = r(-1 __ 1 J (5.1) 
R1 lli 
The attractive force, F, due to the capillary can then be calculated by, 
F = -nx2 M (5.2) 
where AfJ, is the pressure difference across the interface and x is the radius of 
the circle defined by the perimeter of the capillary, in contact with the surface. Using a 
numerical solution, Marmur has been able to test the validity of the analytical 
approximation for different contact angles. For low contact angles the approximation is 
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good but as the contact angle approaches 90° the approximation is very poor. A
n 
alternative, simplified approach is to investigate the case of a capillary between two f
lat 
surfaces as shown in Figure 5. 7. Using the experimentally measured force, (F) a
nd 
setting xz R1, an approximate value for RI can be foun
d by solving Equation 5.3. 
2 FRi 
RI -RIRi --= 0 (5.3) 
ny 
By simple geometry Ri = ½ sin a, where d is the separation of the surfaces 
and a= ( 0 - 90°), where 0 is the contact angle. The results from this calculation, us
ing 
the experimental force data from Figure 5.6, are shown in Figure 5.8, for contact ang
les 
of 95° and 100°. 
Figure 5. 7 Schematic diagram of a bridging cavity between two flat surf aces. R J an
d 
R2 are the principal radii of curvature in the planes parallel and perpendicular to 
the 
surfaces respectively. 0 is the contact angle, dis the separation and a=(0-9O°). xis 
the 
radius of the circle of contact described by the meniscus. The meniscus is assumed to
 be 
axisymmetric. 
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Figure 5.8 The calculated principal radii of curvature ( plotted against force) in the 
planes parallel ( R1; filled) and perpendicular ( R2,- unfilled) to the surfaces, using 
Equation (5.3) and the force data from Figure 5.6for contact angles of 95° (triangles) 
and 100 ° ( circles ). The suiface tension used in the calculations is 40 ml m-2, the 
capillary is assumed to be symmetric and hydrostatic effects have been ignored. 
This approach, though crude, reveals several interesting features. From the 
principal radii an approximate volume of the cavity can be calculated. It is found that the 
volume increases sharply with separation even in the regime where the force becomes 
repulsive. On occasion the capillary is seen to break as the force on separation is seen to 
suddenly return to zero as shown in the inset of Figure 5.6. From Figure 5.8 it can be 
seen that on separation R1 continues to grow and will eventually approach the radius of 
the spherical probe. This is unphysical for the flat-sphere geometry and rupture of the 
cavity may occur when R1 grows too large. This rupture mechanism is supported by the 
observation that cavities once formed were stable, provided the separation between the 
surf aces was not increased. When the capillary does break there is no evidence that a 
bubble remains on either of the surfaces. If a bubble adhered to the probe, a 
hydrodynamic force would be detected and if a bubble remained on the flat substrate the 
following approach would reveal a change in the force profile. It must be then assumed 
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that the cavity disintegrates. This suggests that the cavity contains largely water vapour 
rather than a gas that has diffused from solution. Although the calculation is performed 
using a single value for the contact angle it is unlikely that the contact angle is in reality 
static, given the expansion of the cavity. For the different geometry of a sphere and a 
flat, a cavity behaving similarly to the simple model will have a dynamic contact angle, at 
least with the spherical probe. 
It would appear for a capillary force to give rise to the experimental force profiles 
measured here, that a contact angle in excess of 90° is required. However, the contact 
angles measured are well below this. The difference is difficult to reconcile. It is 
possible that the surfaces are not homogeneous, perhaps due to the presence of impurities 
and in local regions the contact angle is much higher than the macroscopically measured 
values. This is supported by the variable jump distance seen between monolayer surf aces 
and the correlation between jump distance and cavitation, though this could be due to the 
nature of the hydrophobic attraction. As discussed earlier, the packing of surfactant at the 
surfaces is unlikely to be the maximum allowable by physical packing constraints. 
Forcing together the surfaces may momentarily cause a greater packing density which 
may give rise to a higher contact angle. This is perhaps more likely between ruptured 
bilayers than for surfaces covered by a monolayer. A small percentage of surfactant 
molecules within each monolayer may be orientated with the head group in solution. 
This is more likely for CPC than for other surfactants due to the steric crowding around 
the head group charge. This crowding may decrease the ionic interactions with the 
negative silica substrate. Upon contact between two monolayer coated surfaces these 
molecules may be induced to flip over, as favourable aqueous interactions with the head 
group are removed. This will result in surfaces that are considerably more hydrophobic. 
The cavities formed between the ruptured bilayer surf aces or between the 
monolayer surfaces were found to be stable even after many hours, provided the surface 
separation was not greatly increased. This suggests that once such cavities form in the 
body they would exist for days and perhaps weeks. Cavities formed by tribonucleation 
within the body are likely to be further stabilised by the "organic skin effect" , whereby 
organic molecules in solution adsorb at the liquid-gas interface.41 By limiting gas 
transfer across the interface, they stabilise the bubble against dissolution.42 Once a cavity 
has obtained a protein shell its dissolution is greatly slowed. Furthermore, if the cavity 
subsequently disappears the protein shell itself may be capable of nucleating bubbles.
43 
Cavity formation in the body is most likely a result of tribonucleation following damage 
to bilayers as hydrophobic surfaces suitable for cavity formation are unlikely to exist in 
the body. 
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If cavities formed by tribonucleation are the nucleation sites responsible for 
bubble formation leading to decompression sickness, then a significant population of 
cavities must be present in the body. It is difficult to estimate the rate of production of 
cavities in the body, but if a few are created with every considerable muscular movement 
and the nuclei have an extended lifetime, then a population capable of giving rise to a 
large number of bubbles may exist. It is likely that many bubbles can be produced from 
any one nuclei. An example of this is the stream of bubbles produced in a glass of beer 
or champagne. Nuclear fission of 238U present in the body has been proposed as the 
source of nuclei responsible for decompression sickness, 17 where the calculated rate of 
fission leads to one disintegration occurring every three weeks. It appears unlikely that 
nuclear fission from bodily uranium could give rise to sufficient nuclei to produce the . 
numerous bubbles formed during decompression sickness, but the formation of 
micronuclei during everyday activities, by tribonucleation, may lead to the presence of 
many bubble nucleating sites in the body. 
5.2.5. Summary 
A long range hydrophobic attraction, varying in magnitude and range is seen 
between monolayers of CPC adsorbed on silica from aqueous solution. The surfaces 
were seen to jump into contact from separations between 20 nm and 85 nm. Upon 
separation, a bridging cavity was observed when the attractive jump into contact exceeded 
55 nm. Above the CMC, bilayers of CPC formed on each silica surface and the 
interaction forces were well described by DL VO theory . The fitted potential using the 
non-linear Poisson-Boltzmann equation is consistent with a loosely packed bilayer. The 
force on separation was found to be dependent upon the damage incurred by the bilayers 
when forced together. At high forces the bilayers were completely ruptured and a 
bridging cavity was formed. Analogy is drawn between these bilayers and cell 
membranes and it is postulated that rupture of cell membranes could lead to the formation 
of cavities in vivo. Such cavities could provide the nucleation sites responsible for the 
formation of bubbles causing decompression sickness. 
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Aqueous Electrolytes 
5.3.1. Introduction 
Bubbles & Cavitation 
Coalescence • in 
Gases that are inert to water are categorised, along with hydrocarbons and non 
polar organic molecules, as hydrophobic substances.44 This suggests that the 
hydrophobic attraction, which operates between macroscopic hydrophobic surfaces in 
aqueous solution, should also be present between macroscopic air-water interfaces, i.e. 
bubbles in pure water. The air-water interface has a surface energy of~ 72 mJ m-2 which 
exceeds the surface energy of the hydrocarbon-water interface ( ~50 mJ m-2 ) 
considerably. As such the hydrophobic attraction between air bubbles in water may be 
expected to be larger than the attraction measured between hydrocarbon surf aces in water. 
Indeed, several studies have produced evidence for a long range attraction between a 
bubble and a hydrophobic surface.45-47 The fluidity of the bubble surface complicates 
the interpretation of direct force measurements in these systems. Information on the 
behaviour of interacting bubbles is currently limited to coalescence investigations. 
Bubbles colliding in pure water are found to rapidly coalesce48 but upon addition 
of electrolyte of sufficient concentration, coalescence is inhibited.49,50 The concentration 
required to inhibit bubble coalescence, the transition concentration, is found to scale 
roughly with the inverse Debye length, suggesting an electrostatic mechanism, 50 but the 
effects of electrolyte are not understood, indeed electrolytes may be expected to enhance 
coalescence for two reasons. Firstly, the presence of electrolytes reduces any 
electrostatic repulsion, resulting from charged bubble surf aces and secondly the majority 
of electrolytes are desorbed from the air-water interface resulting in an increased surface 
tension and hence greater instability of the interface. 
The situation is further complicated by the discovery that not all electrolytes 
prevent bubble coalescence.51 The effect of an electrolyte on bubble coalescence can be 
predicted using an empirical, self consistent system. By empirically assigning a property 
( a or ~ ) to each cation or anion the effect of salts on bubble coalescence can be 
determined from the resulting combination. aa or p~ pairs prevent coalescence and a~ 
or pa pairs have little or no effect on coalescence. The arrangement in Table 5.1 
illustrates the coalescence behaviour of a large number of electrolytes and the operation of 
the combining rules. 51 ,52 
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Ions w Mg2+ Na+ ca2+ K+ NH4+ es+ u+ (CH3)4N+ (CH3)3NH+ (CH3)2NH2+ (CH3)NH3+ 
/Assignment p a a a a a a a p p p p 
OH" a X ✓ ✓ 
er a X ✓ ✓ ✓ ✓ ✓ ✓ X X X X 
Br· a X ✓ ✓ ✓ 
NOf a X ✓ ✓ ✓ ✓ ✓ 
CIOf p X 
soi· X ✓ ✓ ✓ ✓ a 
✓ Prevents bubble -
CIOf p ✓ X X X coalescence 
a.a.=✓ f3rt='1 -CH3COCT p ✓ X X X X X ✓ 
X No effect on -(COO)z2- X ✓. coalescence a 
a.rt=X -
SCN· p X 
IOf p X 
Table 5.1 The effect of electrolytes on bubble coalescence. The assignments of a and 
/3 are made empirically. The combining rules state that aa or /3/3 pairs prevent 
coalescence and a/3 or [3a pairs do not. These rules are found to successfully predict the 
coalescence behaviour off orty five different electrolytes without exception. Two 
categories of electrolyte are seen. Those that prevent bubble coalescence above a certain 
transition concentration, which scales roughly with the inverse Debye length ( ticks ), 
and those that have no effect on coalescence up to very high salt concentrations 
( crosses ). 
Recently Christenson and Yaminsky,53 utilising newly available data,52 have 
been able to correlate the effects of electrolytes on bubble coalescence with the parameter 
( d¼c r. where dy is the change in surface tension and de is the change in bulk 
concentration of the electrolyte. This correlation was originally demonstrated, with 
limited data, by Marrucci and Nicodemo.54 If the parameter (d¼cr is large then the 
electrolyte will inhibit bubble coalescence and if it is small bubble coalescence remains 
unaffected. Generally the transition from one type of electrolyte to the other occurs when 
the value of ( d¼c r drops below -1 ( mN m- I M- 1 ) 2 . The importance of this 
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parameter in bubble coalescence has been related to the elasticity of the interface. 53 In the 
following discussion this argument will be analysed and the physical basis of this 
parameter will be investigated. Also, correlations with other physical parameters are 
investigated and a bubble coalescence mechanism proposed. 
5.3.2. Discussion 
5.3.2.1. Correlations with Bubble Coalescence Behaviour 
The change in surface tension upon adding electrolytes to water has recently been 
accurately measured for a large range of electrolytes by Weissenborn et al. 55 From this 
data, values for ( d¼c r can be calculated. These values largely support the correlation 
between bubble coalescence and ( d¼c) 2 for electrolyte solutions, with one important 
exception. The pp salt tetramethylammonium acetate is predicted, by the combining 
rules, to prevent bubble coalescence. Whereas the (d¼cr term predicts no effect on 
coalescence. The behaviour of this salt was a strong test for the validity of the combining 
rules. If it was found to have no effect on bubble coalescence, the -success of the rules to 
predict bubble coalescence behaviour would be questioned. The only other PP 
combination tested was acetic acid which is largely undissociated and may therefore be 
argued as an exception. Experimentally, tetramethylammonium acetate was found to 
prevent bubble coalescence with a transition concentration of 0.125 M, thus the 
combining rules were supported. 52 This casts some doubt on the importance of the 
( d¼c) 2 parameter in describing bubble coalescence in aqueous electrolytes. Further, the 
correlation between the transition concentration is not ideal, with a correlation coefficient 
of 0.74 being reported,55 after neglecting the result for tetramethylammonium acetate. It 
may be concluded, that experimentally the correlation of ( d¼c r with bubble 
coalescence is reasonably good for electrolytes. The theoretical basis for this correlation 
is examined below. 
Two theoretical arguments have been proposed to suggest that bubble coalescence 
behaviour of aqueous electrolyte solutions is related to the parameter ( d¼c) 
2
• The first 
has origins in a theory of coalescence proposed by Marrucci. 56 The theory was 
developed for systems with a solute that preferentially adsorbs at the interface to lower 
the surf ace tension. Marrucci assumes that the liquid film between two approaching 
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bubbles thins extremely rapidly down to an equilibrium thickness. This thinning occurs 
so rapidly that diffusion of solute into the parallel film between the bubbles does not 
occur until the thinning process has ceased. An analysis of an element of the volume 
between two approaching bubbles during rapid thinning reveals that the interf acial area of 
this fixed volume will increase as shown in Figure 5.9. The solute within the fixed 
volume will then adsorb to the interface and lower the concentration of the solute in the 
fixed volume ( recalling that the process is too rapid to allow diffusion). Thus the 
surface tension at the interface will be raised as it is in equilibrium with a lowe~ 
concentration in the finite element. It is postulated that the increased tension in the film 
finally leads to the arrest of the thinning process. 
When the film thinning is arrested, the repulsive pressure due to the increased 
tension must exactly balance the attractive forces. These are stated to be the vdW 
attraction and capillary pressure. The excess capillary pressure in the film compared to 
the bulk can be calculated from the Laplace pressure across the curved bubble surf ace 
( see Figure 5.9 ). The excess pressure in the film must be equal to the excess pressure 
in the bubble as the interface is assumed flat. The over pressure ( M ) in the thin liquid 
film is stated by Marrucci to be, 
M= 2y +~ 
r 6nh3 
(5.4) 
where y, is the surf ace tension, r, is the radius of the bubble, A is the Hamaker 
constant and h is the thickness of the aqueous film. The Laplace pressure in the film, is 
stated to be attractive, this is incorrect. The bubble surfaces deform and flatten as a 
response to being forced together. The flattening is not a driving force for coalescence 
but occurs as a result of hydrodynamic repulsion. This model of Marrucci has been 
applied by others to electrolyte solutions with some extensions,48 ,57 ignoring that the 
theory was developed for surfactant systems. 
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Af>=2y/r 
hI 
Figure 5.9 The Marrucci model of bubble coalescence. 
56 The figure on the left 
indicates initial approach of the bubble surfaces and the figure on the right is subsequent 
to rapid thinning of the film, hi>>h. A fixed volume of the film is shaded. It can be seen 
that the surface area of the volume element increases dramatically during film thinning. 
Marrucci proposes that the increase in surface area lowers the concentration in the volume 
element as the surface active solute preferentially adsorbs to the newly created surf ace. 
The lower concentration results in less adsorption at the interface in the film ( in 
comparison to the bubble surf ace outside the film ) and a corresponding increase in 
surface tension. It is assumed that thinning occurs too rapidly for diffusion to take place. 
The pressure across the curved bubble interface is given by the Laplace equation. 
It is relevant to examine the change in electrolyte concentration in a fixed volume 
of liquid upon rapid thinning of the film, which is essential to the Marrucci mechanism. 
Consider a cylindrical element of liquid formed from rapid thinning, with a height 
( equivalent to film thickness ) of 10 nm and radius of 1000 nm. For Na Cl at a 
concentration of 0.1 M ( which is above the transition concentration ) the surface 
tension gradient is 2.08xl0-3 N m2 mo1-1_ 55 Applying these values to the Gibbs 
adsorption isotherm at 300 Kan adsorption excess of -8.3xl0-8 mol m-
2 is obtained. For 
the cylindrical element described above the concentration change due to the surface excess 
is approximate! y 5 x 10-19 M. This is an upper limit as the surf ace excess prior to 
thinning is neglected. This leads to a concentration change in the liquid element of~ 16%. 
Such a concentration change would give rise to a surface tension increase of ~0.3 mN m-
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I Thus, even assuming that thinning down to a separation of 10 nm occurs, the 
concentration change of electrolyte in the thin film is negligible. Further, at the high 
concentrations of electrolyte required to prevent bubble coalescence, diffusion will be 
rapid. This rapid diffusion will quickly negate any surface tension gradients produced in 
response to a change in interfacial area, as equilibrium conditions are rapidly restored. 
Clearly the theory of Marrucci56 is not correct as the Laplace pressure term is 
used incorrectly. Further, the theory was not developed for electrolytes which are 
generally found to raise the surf ace tension. The Marrucci theory, applied as intended, 
would predict instant coalescence for such electrolytes as no significant increase in 
surface tension occurs during the thinning process. The very rapid thinning to small 
separations, upon which the Marrucci model depends, has also been shown to be 
incorrect by direct experiments. Cain and Lee58 have demonstrated that films between a 
bubble and a hydrophobic flat thinned quickly before rupture at separations of 95 nm to 
55 nm in KCI solutions. Also, rapidly thinning films form dimple shaped films59 not flat 
films, as assumed in the Marrucci theory. The Marrucci model is incorrect and should 
not be applied to bubble coalescence in aqueous electrolytes. 
A second justification for the ( d¼c r parameter is due to Christenson and 
Y aminsky. 53 It is related to the elasticity of the film formed between colliding bubbles. 
The Gibbs elasticity, E of a film is defined as60 
E == 2dy 
dinA 
(5.5) 
where dy, is the change in surface tension and d In A, is the change in the natural 
logarithm of the area of the film. Solutes that are positively adsorbed at the interface give 
rise to an elasticity, as the extension of the film momentarily results in a higher surface 
tension in the film. For a film that is being stretched, the area to volume ratio changes. 
This causes a change in concentration of the solute in the film due to a change in the 
amount of adsorbed solute. By making use of the Gibbs adsorption isotherm the 
elasticity of a film can be alternatively expressed as,53 
2c(d¼ )
2 
E == de 
kTD 
(5.6) 
where c is the concentration of solute, k is the Boltzmann constant,- T is the 
temperature, D is a measure of the interface thickness, dy is the change in surf ace 
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tension and de is the change in concentration of the solute. Note the distance D is ill 
defined, as it is related to the distance into the film from which the solute can diffuse to, 
or from, the surface within the time of stretching of the interface. If the diffusion is very 
rapid in comparison to the stretching of the surface, the value for D is large and the 
elasticity is small. This equation describes the elastic response of the interface to changes 
in film thickness. This elasticity gives rise to a mechanical stability for films formed from 
solutions with a surface active component, known as the Marangoni effect. Films 
formed from electrolyte solutions will not exhibit any elasticity, as when the interface is 
stretched the surface tension of the film, if changed at all, is slightly lowered, precluding 
a restoring tension being produced in the film. Inspection of Equation 5.5 reveals that the 
elasticity, E, is positive for surfactant solutions. However the elasticity is negative when 
solutes are desorbed from the interface which encompasses most aqueous electrolyte 
solutions. This negative elasticity of electrolyte solutions is masked in Equation 5.6 as 
the negative dy/dc term is squared, effectively masking the sign of the elasticity. Clearly 
electrolyte solutions exhibiting low elasticity in Equation 5.6 would be expected to have 
greater bubble stability as the unfavourable negative surface elasticity term is smaller. 
This is the opposite to what is observed. Further surface elasticity effects are minimised 
by rapid diffusion of electrolyte in response to surface concentration gradients. 
From the above discussion it can be concluded that the term ( d¼c r, does give a 
reasonable correlation with the bubble coalescence inhibition of electrolyte solutions but 
an understanding of why this relationship exists is absent. 
The surface tension of pure liquids reflects the intermolecular bonding within the 
bulk of the liquid. Similarly, we may expect the change in surf ace tension with 
increasing electrolyte concentration to reflect changes in the internal bonding within the 
aqueous solution. The possibility that the effect of electrolytes on bubble coalescence are 
due to a bulk property of the solution must be investigated. The viscosity of solutions 
have been investigated but no correlation with coalescence has been found. 
5 2 
Weissenborn et al. 55 have noted a correlation between transition concentration and the 
exponential decay coefficient for oxygen solubility. The coefficient is a measure of the 
reduction in solubility of molecular oxygen that occurs on increasing the electrolyte 
concentration. Salts exhibiting more negative coefficients are found to reduce oxygen 
solubility more rapidly and prevent bubble coalescence at lower concentrations. This 
correlation may be extended to include mineral acids that are found to have no effect on 
bubble coalescence, as the values for the decay coefficient are approximately an order of 
magnitude less for these electrolytes.61 Unfortunately, data for the chlorate, perchlorate 
and acetate salts, which are strong tests of the correlation, are not available. There is also 
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a correlation between ( d¼c) 2 and the exponential decay coefficient. Interestingly, this 
suggests that ( d ¼c) 2 is related to a reduction in the solubility of the sparging gas. 
Prior experiments using sparging gases with solubilities varying from 1.0 ml 1-1 
to 34 ml 1- 1 have shown that the variation in transition concentration is not in direct 
relation to the gas solubility. 52 However a good correlation is revealed between the 
diffusion coefficient of the sparging gas and the transition concentration. This is 
demonstrated in Figure 5.10. The effect of a wide variety of electrolytes on the diffusion 
of gas in solution has been studied by Akita. 62 The effect of electrolytes on the diffusion 
of gas, shows no correlation with bubble coalescence behaviour. This somewhat 
, confusing and apparently contradictory situation regarding correlations with physical 
parameters can be summarised in five statements. 
i) The effect of electrolyte on dissolved gas solubility correlates with the effect 
of electrolyte on bubble coalescence. 
ii) The solubility of the sparging gas does not correlate with the transition 
concentration for a given salt. 
iii) The diffusivity of the sparging gas correlates with the transition concentration 
for a given salt. 
iv) The effect of electrolyte on diffusivity does not correspond with the effect of 
electrolyte on bubble coalescence. 
v) The parameter (d¼cr corresponds to bubble coalescence behaviour and to 
dissolved gas solubility for a wide variety of electrolytes. 
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Figure 5.10 The transition concentrations of MgS04 (squares) and CaCl2 
( circles ) versus the diffusion coefficient of the sparging gas. The gases used from left 
to right were, SF 6, Ar, N2 and He. The diffusion coefficients63 used are measured in 
air at atmospheric pressure, except the diffusion coefficient for nitrogen ( 0.307) which 
is measured in 02 as the data in air was not available.. The error associated with this 
value is expected to be less than 1 %. 
It is apparent that correlations with the bubble coalescence behaviour of 
electrolytes either exist with a property of the sparged gas or with the solution, but not 
with both. 
5.3.2.2. The Film Rupture Process in Electrolyte Solutions 
It is known that films formed in pure water between a bubble and a hydrophobic 
flat surface are unstable and rupture at separations of 100 nm and more,45 ,58 ,64-67 whilst 
films formed between a bubble and a hydrophilic surf ace are stable due to electrostatic 
forces. 66 Addition of KCl is found to partially stabilise the aqueous film between 
hydrophobic surfaces leading to film rupture at smaller separations.58 ,64 The vdW 
attraction is of insufficient range to lead to rupture at distances of greater than 100 nm, 
68 
clearly another attraction is present. The instability of films between a bubble surf ace and 
a hydrophobic flat can be explained by the presence of the long range hydrophobic 
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attraction. This has been confirmed experimentally for a bubble and a hydrophobic 
surf ace, 69 using the AFM. It is reasonable then to assume that the hydrophobic attraction 
might also operate between two bubbles and lead to coalescence at separations of 100 nm 
or more. It has been proposed that the addition of salt reduces the hydrophobic attraction 
and thereby prevents bubble coalescence.51 However, there is now strong evidence that 
salt does not reduce the hydrophobic attraction. This is discussed in Chapter Four. 
Alternative explanations for the rupture of thin liquid films are dependent upon the 
growth of surface perturbations due to the attractive vdW force. 70 However, the range of 
the vdW attraction is found to be too small to explain the experimental observations.68 It 
would seem reasonable that if the hydrophobic attraction was incorporated into these 
theories, an explanation for bubble rupture may be obtained. However, a surface wave . 
description of film rupture for electrolyte systems appears to be ruled out by the 
correlations found with surface elasticity. Electrolytes that prevent bubble coalescence 
are generally found to exhibit negative surface elasticity. Negative surface elasticity 
would be expected to favour surface perturbations and bubble coalescence. Thus the 
correlation is the opposite to what would be expected from a surface wave mechanism. 
A model for bubble coalescence based on gas transport, that encompasses the 
observed correlations may be possible. Gas diffusion in the bulk of the film is found to 
be unimportant but the diffusivity of the gas within the bubble is found to be related to 
bubble coalescence. Diffusion is only important when a concentration gradient exists, 
this may explain why the diffusivity in the bulk is unimportant, where the gas 
concentration is uniform. However diffusion clearly matters across the aqueous-air 
interface where the concentration gradient is large. 
It may be tentatively argued that when two bubbles interact they are attracted by 
the hydrophobic interaction. This attraction between the bubbles induces enhanced gas 
diffusion across the air-water interface into the aqueous film between the bubbles and the 
film eventually ruptures due to a capillary instability . The addition of electrolytes that 
prevent bubble coalescence reduces the solubility of gas in the aqueous film. In doing so 
the driving force for diffusion is decreased and the film rupture is avoided. Such a 
mechanism encompasses all the observed correlations for bubble coalescence behaviour if 
the correlation with the ( d¼c r term, is due to gas solubility rather than film elasticity. 
Indeed W eissenbom has found the correlation coefficient between the exponential decay 
coefficient of solubility and bubble coalescence behaviour (0.95) is superior to the 
correlation between (d¼cr and bubble coalescence (0.74). The effect of electrolyte on 
gas solubility in the region near the interface may be the primary means by which 
coalescence is prevented. If a model similar to this is found to be responsible for bubble 
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coalescence, it has implications for the hydrophobic attraction. Dissolved gas that may 
have accumulated on solid hydrophobic surfaces will behave similarly and could lead to 
instability of the thin aqueous film separating the surf aces. A physical basis for the 
success of the combining rules in predicting bubble coalescence behaviour remains to be 
elucidated. 
5.3.3. Summary 
The surprising effects of electrolytes on bubble coalescence have been discussed. 
The nature of the correlations with surf ace elasticity, the decay coefficient of gas 
solubility and gas diffusivity have been investigated. Existing explanations for the 
bubble coalescence behaviour have been examined and found to be untenable. An 
alternative explanation based on the hydrophobic attraction driving diffusion of gas into 
the thin liquid film separating two interacting bubbles, has been proposed. This 
explanation although incomplete may encompass the known correlations between bubble 
coalescence in electrolyte solutions and other solution properties. 
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5.4. Part III Neutron Irradiation 
5.4.1. Introduction 
Liquids supersaturated with dissolved gases or superheated both exhibit 
sensitivity to radiation.71 Clearly radiation is capable of providing the means for a 
metastable system to overcome an energy barrier and thereby achieve an energetically 
more stable state. The formation of a cavity between hydrophobic surfaces with contact 
angles exceeding 90° requires a considerable energy barrier to be overcome 72 and 
radiation may provide the energy required. However, as a mechanism for the 
hydrophobic attraction direct effects of radiation appear unlikely to be important. A high 
number of events per unit volume would be required to give rise to the forces measured, 
as very small volumes of solution are present between interacting surfaces. Also, 
measurements are generally reproducible from one approach to the next. However, 
secondary effects of radiation are known to be important in acoustic cavitation and may 
be of relevance to the-hydrophobic attraction. Cavitation induced by sound waves arises 
from the growth of pre-existing nuclei to visible size. These nuclei have been 
demonstrated to arise from neutron radiation, 73 though an understanding of their stability 
is still to be realised. 74 The effect of neutron radiation on the hydrophobic attraction has 
been investigated, motivated by the assumption that metastability of the aqueous film 
between hydrophobic surfaces is of importance to the hydrophobic attraction. 
5.4.2. Materials and Methods 
Surf ace forces between silica surf aces immersed in solutions of 
cetyltrimethylammonium bromide ( CT AB ) and cetylpyridinium chloride ( CPC ) and 
0.1 M NaCl were investigated. The CTAB was supplied by BDH, 98% pure. The CPC 
was supplied by Aldrich, 98 % pure. Both surfactants were further purified by 
recrystallisation from an ethanol-water mixture. Experiments were conducted at room 
temperature. 
The effect of neutron irradiation on the measured force was studied. Some 
solutions were neutron treated over an hour or more, prior to injection in the fluid cell. A 
Radium-Beryllium neutron source was used to irradiate solutions. Irradiation was ceased 
immediately prior to injection into the fluid cell and measurements were conducted within 
10 minutes. 
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Radium and Beryllium do not naturally emit neutrons. Neutron emission is 
achieved by bombardment of the Beryllium atoms with alpha radiation from the decaying 
Radium source. The Ra-Be neutron source used emits 60,000 neutrons s- 1. The emitted 
neutrons have a gaussian distribution of energies with a maximum intensity at 
approximately 4 MeV.75 Studies of the effect of neutrons on sonic cavitation have 
shown that water has an increased susceptibility to cavitation for some time after neutron 
irradiation has ceased.9•71 •73 These investigations have clear implications for the way in 
which the effect of neutrons on the hydrophobic interaction may be studied. Neutron 
irradiation may be conducted immediately prior to injection of the solution and neutron 
treatment ceased before measurement. In this way, problems associated with neutron 
irradiation of the small volume of fluid in the AFM cell and direct effects of neutron 
irradiation may be avoided. Charging of the surfaces due to secondary ionising radiation 
may also be avoided. 
5.4.3. Results 
Neutron treatment of the CT AB solution immediately prior to injection, was found 
to increase the magnitude of the attraction as demonstrated in Figure 5 .11. The adhesion 
measured in the neutron treated solution at 27 mN m- 1 was found to be slightly larger 
than that in the normal ( untreated ) solution ( 21 mN m- 1 ) though this value may be 
related to the force with which the surfaces are pushed together, which was 3.8 mN m- 1 
and 3.2 mN m- 1 respectively. 
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Figure 5.11 The effect of neutron treatment on the measured interaction. FIR versus 
separation distance for silica surfaces in 2.2xJ0-5 M CTAB solutions. The effect of 
neutron treatment prior to measurement has been studied. The interaction curve shown 
for the untreated CTAB solution is the largest of several measured. The neutron curve 
was obtained shortly after the normal curve, following injection of 2.2xJ0-5 M CTAB 
solution exposed to the Ra-Be neutron s9urce for 55 minutes. 
The effect of neutron treatment prior to injection has also been studied for the 
CPC and 0.1 M NaCl solutions. An increased attraction was seen at large separations as 
shown in Figure 5.12. At a separation of~ 10 nm the curves cross over and the attraction 
in untreated solution exceeds that of the treated solutions. Similar behaviour is seen 
when comparing gassed and degassed solutions ( see Figure 4.16 ), suggesting that the 
increase in the attraction seen between neutron treated solutions may be related to the 
presence of dissolved gas. Double exponential equations that fit the experimental data are 
shown below for the normal ( Equation 5.7 ) and neutron treated ( Equation 5.8 ) 
solutions, indicating the greater range and magnitude of the long range component of the 
attraction for the neutron treated interaction. 
½ = -45mN I m exp(--9{ 4nm)- 9mN I m exp(-1½snm) , ( 5. 7) 
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½ = -40mN Im exp(-o/i6nm)-l2mN Im exp(-o/sonm) (5.8 ) 
The measured adhesive force was very similar for all four curves at 
~ 218 mN m- 1, giving a calculated 'Ysv value 76 of between 17 .4 mJ m-2 and 
23.2 mJ m-2. 
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Figure 5.12 FIR versus separation distance between silica surfaces immersed in 
5xl 0-5 M CPC and 0.1 M NaCl measured using a stiff spring. The interaction 
measured in both normal ( filled symbols) and neutron treated solutions ( open 
symbols ) are shown. Two sets of data are shown for each solution. The neutron 
curves were measured immediately prior to injection of the normal solution. Similar 
results were obtained on reversing the order of measurement. The curves were obtained 
with approach velocities of 600 nm s -1 and are averaged over 30 approaches. 
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5.4.4. Discussion 
If the assumption is made that the mechanism of the hydrophobic attraction is 
related to the tendency of the liquid film between hydrophobic surfaces to cavitate, 
observations from experiments involving the cavitation of water may provide important 
insights . Two such categories of experiments are i) cavitation that is induced by 
supersaturation of dissolved gases and ii) cavitation that is induced by high frequency 
sound waves. In both cases radiation is found to enhance the production of cavities.17,71 
Theoretical estimates of the supersaturation required to induce cavitation or the 
tensile strength of water range from 500 to 10,000 atm,9 however experimentally, values 
much lower, 100 atm to 300 atm, have been realised,10-12 despite careful and elaborate 
efforts to remove nuclei. Ultrasonic measurements of the tensile strength of degassed 
water give values of 6 - 8 atm which are reduced to less than 1 atm for gassed water.9 
Sound induced cavitation is generally accepted to arise from a process involving the 
growth of pre-existing nuclei to visible size through evaporation, during the negative pait 
of the pressure oscillation cycle of the sound wave. The effects of radiation have been 
studied for ultrasonically induced cavitation and the results are somewhat surprising. 
Sette and Wanderlingh have clearly demonstrated that the nuclei responsible for 
sonic cavitation are formed by cosmic neutron radiation.73 Using an experimental 
arrangement that focuses the ultrasound, they were able to avoid the influence of 
interfaces and ensure that cavitation took place in the bulk of the fluid. The cavitation 
threshold was determined for distilled water with lead screens and paraffin screens of 
variable thickness and also without a screen present. Further, the effect of a Ra-Be 
neutron source on the cavitation threshold was studied. The cavitation threshold is 
defined as the minimum sound intensity giving rise to visually detectable cavities. The 
presence of a neutron shielding screen was found to increase the cavitation threshold of 
the water. Upon removal of the screens, the cavitation threshold was found to drop to 
the initial value. Alternatively, the screens could be left in place and the solution 
subjected to neutron radiation ( from within the screens ). The cavitation threshold was 
found to drop to the initial value of untreated, unscreened distilled water. Earlier work 
using either a positron or neutron source was able to eliminate positron radiation as a 
source of nuclei and concluded that recoil oxygen or carbon nuclei from neutron 
collisions, rather than recoil protons were the most probable nucleating agents.71 
The time for the cavitation threshold to vary by half the maximum variation 
possible was about 70 minutes. The Ra-Be source produced l.5x105 neutrons with a 
maximum energy of 10 MeV, with a gaussian energy distribution having a maximum 
around 4 Me V. The energy of neutrons entering the water could be attenuated using a 
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paraffin shield. A shield giving rise to approximately 90% energy attenuation was used 
and the cavitation threshold studied. No effect on the threshold was found, suggesting 
that only neutrons of sufficient energy are capable of forming nuclei. This indicates that 
energies between 1 Me V and 10 Me V are necessary. Finch9 reported similar results 
using degassed water with a shorter time of 25 minutes for the cavitation threshold to 
vary by half the maximum variation. 
Neutrons with energies in excess of 10 Me V are present in cosmic radiation. 
Their density at 2xl0-4 cm-2 s-177 is considerably less than the neutron density due to the 
artificial Ra-Be neutron source, yet the effect on cavitation thresholds is similar. This 
may be explained in two ways. i) There exists some limit to the number of nuclei that can 
exist in the liquid at any one time which is not determined by the neutron flux .or ii) Only 
neutrons of sufficient energy are able to form nuclei and only a small percentage of the 
neutrons emitted by the Ra-Be neutron source are of this energy. The second contention 
is supported by the work of Sette and W anderlingh 73 as they calculate that oxygen recoil 
nuclei must possess an energy of ~ 2.5 Me V or greater in order to form cavitation nuclei 
and neutrons of~ 10 Me V or greater are required to produce oxygen recoil nuclei of these 
energies. This implies that only the most energetic of neutrons from the Ra-Be source are 
able to create cavitation nuclei. 
Whilst removal of dissolved gases was found to reduce the attraction between 
hydrophobic surfaces ( see Chapter Four ), neutron treatment prior to measurement 
results in an increase in the attraction ( see Figures 5.11 & 5.12 ). In addition to the 
formation of cavitation nuclei by oxygen recoil nuclei, neutron radiation has other effects 
on the irradiated solution. Neutrons produce OH• free radicals along the path of the 
particle as it passes through water.75 The emitted gamma rays produce H• free radicals 
distributed some 15 nm from the same path.75 These will react to form many H2 and 02 
molecules and occasionally may react with the CPC molecule. Further the a radiation 
emitted may interact with the solution, but only very low levels of a particles will 
penetrate into the solution. Clearly neutron irradiation causes a complicated array of 
effects in solution that are not completely understood. 
Sonication studies would suggest that the increased attraction measured following 
neutron irradiation is associated with the production of micronuclei. However, 
calculation of the concentration of micronuclei that may be formed from the neutron 
source due to recoiling oxygen nuclei, reveals that an insufficient number are produced to 
explain an increase in the hydrophobic attraction between a small probe and a flat surface. 
An explanation associated with the production of radicals can also be discounted as many 
radicals are produced from each neutron, but most will recombine to form water.78 If 
the micronuclei produced by neutron irradiation accumulate favourably at hydrophobic 
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surf aces then the increase in the attraction may be attributed to their presence. Evidence 
for this accumulation has come recently from light scattering studies near hydrophobic 
surfaces. 79 Alternatively, a new, efficient mechanism for micronuclei formation that . 
creates many more nuclei per neutron may be invoked. Finally, nucleation of micronuclei 
from the dissolved gas already present in solution and from gas formed by hydrolysis 
may give rise to an increased attraction. 
Presently, the nature of the mechanism by which neutron irradiation increases the 
hydrophobic attraction is unclear. A better understanding of water structure and the effect 
of radiation on water is required before these controversial results can be explained. 
5.4.5. Summary 
Neutron irradiation of solutions prior to measurement has been found to increase . 
the measured attraction between silica surf aces in solutions of cationic surfactants. It may 
be argued that the increase in attraction is due to a greater density of micronuclei in 
solution but the density increase due to neutron irradiation would seem to be insufficient. 
It may be postulated that micronuclei accumulate favourably at hydrophobic surfaces or 
that many more micronuclei are produced than currently anticipated. · 
5.5. Conclusion 
The three studies presented in this Chapter are an indication of the possible 
widespread influence of the poorly understood hydrophobic attraction. A better 
understanding of the mechanism by which the attraction operates between hydrophobic 
surf aces in aqueous solutions is required before these and many other complex issues can 
be satisfactorily resolved. The problem is not easily resolved as it deals with water 
structure and its perturbation by solutes and surfaces, and, most perplexingly, how these 
effects are communicated at ranges of 100 nm and more. 
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Chapter Six 
Optical Arte/ acts of the 
Light Lever Method 
6.1. Introduction 
With any measuring technique it is important to understand the deficiencies of the 
technique. These deficiencies include artefacts or false results as well as sensitivity 
limitations. Several artefacts associated with the use of the light lever method have been 
identified. These include artefacts associated with frictional forces, 1 digitisation2 and 
optical interference. 3.4 The optical artefacts associated with the light lever technique are 
yet to be adequately explained. 3 Using the LLIFE, artefacts associated with the light 
lever technique can be investigated. The instrument enables investigation of interference 
noise to be simplified as the raw data is accessible and the averaging software can be used 
to minimise white noise. An improved understanding of the nature of optical artefacts 
may lead to improvements, both in the instrumentation and in experimental practice, that 
minimise the influence of optical artefacts. Further, an improved understanding of the 
artefacts associated with the technique will assist in identification of misleading data. 
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6.2. Materials and Methods 
Artefacts associated with the light lever technique were investigated using both the 
LLIFE and the Nanoscope III Atomic Force Microscope ( Digital Instruments, Santa 
Barbara CA, USA ). Images were also obtained using the Nanoscope III AFM. Both 
instruments use a laser light source of wavelength ~670 nm. The LLIFE instrument can 
acquire and average a large number of deflection versus separation traces and thereby 
minimise white noise. 
Substrates used were either oxidised silicon wafer or a section of a compact disc 
stamper with a step height of 140 nm. The cyclohexane used was supplied by Univar 
and of AR grade. Water used was passed through a reverse osmosis and a charcoal filter 
before single distillation and storage in a laminar flow cabinet. Measurements conducted 
in air were performed using both a fluid cell and an air cell. 
6.3. Results 
6.3.1. Diode Response Inversion 
A typical deflection versus displacement curve is shown in Figure 6.1. At large 
separations no force is measured and the spring is undeflected. At smaller separations the 
surfaces interact and the spring is deflected,_ in this case the interaction is repulsive and 
the spring is deflected away from the surface leading to an increase in the value 
(A - B)/(A + B). After the surfaces come into contact the spring is pushed by the 
substrate leading to a deflection which is proportional to the substrate displacement. 
Regardless of the interaction forces, this region of the deflection plot must always lead to 
an increase in the value of (A - B)/(A + B), as after contact the continued movement of 
the substrate will always lead to the spring being pushed in the direction the substrate is 
moving. A topograph of a compact disc stamper obtained in water using the N anoscope 
III is shown in Figure 6.2. This image was captured when deflection versus separation 
traces were of the form of Figure 6.1. The mounds shown are used to create the 
depressions in a compact disc and have been measured by ellipsometry to be 140 nm 
high.5 
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Figure 6.1 Deflection versus substrate displacement curve obtained using the LLIFE. 
The interaction is n1easured on approach between a silica flat and a silica sphere in 
aqueous solution. (A - B )/(A + B) values become more positive as the spring is deflected 
away fro m the substrate. 
Figure 6.2 A height in1age of a compact disc stamper, obtained using the Nanoscope 
III, when the optics are functioning correctly. The mounds have been measured by 
ellipsometry to be 140 nm high. 5 The area shown in the image is approximately 5 µrn by 
5 µ m. 
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Figure 6.3 An inverted deflection trace obtained using the Nanoscope III. The vertical 
axis is the diode response and the horizontal axis is substrate displacement. The suifaces 
are approaching froni right to left. The approach run is relatively flat until the suifaces 
come into contact. Upon retraction a large adhesion is seen before the suifaces separate. 
The signal then oscillates before returning to the baseline. The tip deflection value is seen 
to decrease as the suifaces come into contact, indicating that the tip is deflected towards 
the substrate. In reality the tip is being pushed away by the substrate but the diode 
response is inverted. 
Figure 6.3 exhibits examples of deflection versus separation curves obtained 
using the Nanoscope where the deflection response is inverted. This curve indicates that 
after the surf aces have come into contact the spring is not pushed backward by the 
substrate but rather the spring moves fo-rward through the substrate. Clearly this cannot 
occur. Here the deflections sensed are opposite to those actually occurring. Figure 6.4 is 
a deflection image of the same compact disc stamper depicted in Figure 6.2, captured 
' when an inverted force curve is evident. Notice that the mounds of the compact disc 
stamper now appear to be depressions. It was noted that inverted deflection data was 
usually obtained when the intensity of light received from the diode was low, ( i.e. small 
values of A+B ) . This suggests that the position of the light spot on the photodiode may 
be related to the inverted deflection data. The effect of moving the photodiode detector 
vertically was investigated using the LLIFE and a series of deflection versus substrate 
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displacement curves are shown in Figure 6.5. This series demonstrates a conversion 
from inverted form (a) to normal form (g), obtained by moving the position of the 
photodiode detector downwards. 
Figure 6.4 A deflection ilnage of a compact disc stamper, obtained when the optical 
artefacts are giving inverted deflection data. The depressions in reality are mounds. The 
area shown in the image is approxiniately 5 µni by 5 µm. The height values correspond 
to tip deflection not true height. 
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Figure 6.5 A series of diode signal versus substrate displacement curves obtained 
using the LLIFE. Conversion from inverted to normal deflection data is achieved by 
vertical adjustment of the diode position. The diode is being moved downwards for the 
traces a to g. Curves are captured on approach. Note that intermediate curves b and c, 
exhibit regions of inverted deflection signal behaviour and regions of nonnal deflection 
signal behaviour 
6.3.2. Optical Interference 
Figure 6.6 is a deflection versus separation curve between a probe and a highly 
reflective silica substrate in air, obtained using the N anoscope instrument. A roughly 
sinusoidal wave can be seen superimposed on the true deflection data. The presence of 
such noise is highly undesirable when force measurements are being conducted. This 
periodic noise has been investigated in an attempt to understand its origin and thereby be 
able to eliminate or minimise it. The ramping rate of the substrate and the data collection 
rate were varied widely without any effect on either the magnitude or periodicity of the 
wave. This would appear to eliminate radiated electronic noise as the cause. Other 
characteristics of the periodic noise are as follows : 1) The intensity of the noise is 
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affected by the position of the spot on the cantilever. 2) The intensity of the noise is 
greatest when the substrate is highly reflective. 3) Periodic noise is only seen when a 
cantilever is present, even if the substrate is artificially tilted to reflect light onto the diode 
via the mirror. 4) The noise occurs and is of similar periodicity regardless of the shape of 
the cantilever. 5) No periodic noise is seen if data is collected with the substrate 
stationary. 6) Shielding the diode so that it only receives light reflected from the 1nirror 
has no effect on the periodic noise. These observations suggest that the waveform is due 
to optical interference. 
Figure 6.6 A deflection versus substrate displacement curve obtained using the 
Nanoscope in air. A highly reflective oxidised silicon wafer substrate was used, giving 
rise to periodic noise caused by optical interference. Careful exaniination indicates that 
the amplitude of the noise increases as the surface is approached froni right to left. 
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Figure 6. 7 Deflection data, measured far from contact, exhibiting periodic noise in air, 
water and cyclohexane using the LLIFE. The periodicity is found to be 370 nm, 279 nm 
and 262 n,n respectively. The data shown is averaged over 15 iterations and normalised. 
The periodic noise measured using the LLIFE in media of differing refractive 
index is shown in Figure 6.7. The traces shown are obtained when the surfaces are far 
from contact and are averaged over 15 iterations to reduce random noise. The periodicity 
( P ) is 370 nm in air, 279 nm in water and 262 nm in cyclohexane. When multiplied by 
the refractive index (n) of the relative media ( 1.000, 1.331 and 1.42666 ) the values of 
370 nm, 372 nm and 374 nm respectively are obtained for Pn. The same experiment was 
repeated using the Nanoscope III instrument, the results are shown in Figure 6.8. The 
data shown are single traces obtained when the surfaces are far from contact. The 
periodicity is found to be 360 nm in air, 282 nm in water and 273 nm in cyclohexane 
giving Pn values of 360 nm, 376 nm and 389 nm respectively. For both instruments it 
was necessary to adjust the mirror position and the diode when the refractive index of the 
fluid was changed, in order to obtain a strong signal at the diode. Movement of the 
mirror effects the periodicity of the noise considerably and the periodicity may vary 
between 340 nm and greater than 450 nm in air. 
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Figure 6.8 Deflection data, exhibiting periodic noise, measured far from contact in air, 
water and cyclohexane using the Nanoscope III. The periodicity is found to be 360 nm, 
282 nm and 273 nm respectively. The data shown are from single traces and have been 
normalised. 
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6.4. Discussion 
6.4.1. Arte/ acts Leading to Inversion of Images 
The development of a light lever instrument offers an excellent opportunity to 
investigate errors associated with the method and allows the identification of 
shortcomings of both the LLIFE and commercial instruments. Earlier in this Chapter, it 
has been shown that the light lever technique can lead to deflection curves that are 
inverted and this may result in deflection images that have the topography reversed. The 
identification of an inverted image is a straightforward process. Usually the 
corresponding height image shows no features, as the feedback software of the 
instrument is confused by the false deflection information that it is receiving. However 
on occasion, poor quality height images have been obtained when the deflection image is 
inverted. These images are most likely obtained when only a partial inversion of the 
deflection information is occurring as shown in traces b and c of Figure 6.5. ( i.e. 
inversion is occurring for a range of spring deflections whilst over another range correct 
deflection information is sensed ) . When this occurs, these images could possibly be 
mistaken for true images. Indeed, the height information can be of the correct sense but 
of an incorrect magnitude. It is recommended that if the topography of the sample is 
unknown, the deflection versus separation curve should be inspected to ensure that it is 
not inverted, particularly if the combined A + B signal voltage is low. 
Deflection sensing is achieved by monitoring the voltages at each half of a split 
diode, A and B. The upper half of the diode is designated A. The difference is 
normalised by the total signal strength to eliminate problems due to intensity variations, 
giving (A - B)/(A + B) as a measure of the position of the light spot. When operating 
correctly, a deflection that moves the light spot upwards will lead to an increase in the 
value of A-B as the voltage at A is increased and the voltage at B decreased. Inverted 
deflection sensing must then be characterised by circumstances which lead to the voltage 
at B rising faster than at A as the spot moves upwards. Two situations by which this 
may occur are depicted in Figure 6.9. Case 1 may occur when the spot reflected from the 
cantilever onto the mirror is poorly aligned onto the diode. As the light spot moves 
upwards the voltage at both A and B will increase, but the increase at B will outstrip the 
increase at A leading to a decrease in the value of A - B, v1hich is interpreted as a 
movement of the spot downwards. In this case, the total signal value of A + B is usually 
very low, and the problem is easily removed by adjusting the mirror and diode to 
optimise the signal strength. Case 2 may occur when the light spot reflected from the 
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back of the cantilever is irregularly shaped. This can arise if the laser is poorly aligned 
with the cantilever or if the back of the cantilever is contaminated in a manner that reduces 
its reflectivity over a region. The relationship between diode sensitivity and spot shape 
has been addressed by D'Costa and Hoh.7 The total signal strength associated with such 
an arrangement is usually only slightly reduced and as such this situation is more likely to 
go unnoticed. The traces in Figure 6.5 were produced with a similarly shaped light spot. 
A normal light spot should be obtained in most cases by realignment of the laser onto 
another region of the cantilever spring. 
Case 1 Case 2 
Figure 6.9 Schematic showing spot-diode arrangements that have been observed to 
cause inverted deflection data. Both arrangenients can lead to (A - B )/(A + B) values that 
decrease rather than increase as the light spot ( shaded region) moves upward. 
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6. 4. 2. Artefacts Associated with Measuring 
Surface Forces 
The results in Figures 6.6 to 6.8 and our observations would initially appear to 
indicate that the noise is due simply to thin film interference caused by the interference of 
the reflected light from the cantilever with reflected light from the substrate. The change 
in thickness of the thin film required to give a 2n phase change is given by, 
11d = A cos 0 
2n 
(6.1) 
where /1 d is the change in film thickness corresponding to a 2n phase change in 
interference, A is the wavelength of the incident light, 0 is the angle of incidence and n 
is the refractive index of the intervening medium. The largest separation of maxima 
occurs when 0 is 90°. The wavelength of light used in both the Nanoscope instrument 
and the LLIFE is 670 nm, therefore the largest separation of maxima in air should be 
670 nm/2 or 335 nm ( or 250 nm for water and 235 nm for cyclohexane ). The 
separation of maxima obtained experimentally are larger, indicating that a more 
complicated process is occurring. 
A quantitative description of optical interference that can give rise to a 2n phase 
change being detected for changes in film thickness of greater than A 12n is now 
presented. With reference to Figure 6.10, the light striking the substrate at D is scattered. 
Consider a single ray DC which is scattered at an angle f3 to the normal. The change in 
optical path length D'DG or a, in the thin film associated with moving the substrate by a 
distance Z is given by, 
a= n[z + Z ] (6.2) 
cos/3 
Further, there is a path length difference, b, for the rays GCE and D'C'E' that 
arises due to the angle of the diode to the incident light rays. This is given by; 
_ tan f3 sin a _ tan/3 tan X _ tan f3 tan( a+ /3) b - \ 
cos( a+ /3 
(6.3) 
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where X =90° - (2a+~). Combining these equations, an approximate expression 
for the optical path length difference ( 0 PD ) by which D'C'E' is less than D'DCE is 
obtained. 
Mirror 
OPD= z[n(l+ 
1 
J+tan/3( ta )-tanx-tan(a+j3)J] (6.4) cos/3 cos a+ /3 
-. > • 11 Refractive Index =1 
v '( :_::...;_K a ) 
Refractive Index= n 
Laser light 
source 
A=670nm 
4- Photodiode 
A' 
~ Cantilever 
/ B>-__ 1_-
---- __ . Substrate ______ . ___ z 
~--------- 1 \ llllli 7 ~ , cw::: 
X 
Figure 6.10 Schematic showing the light rays considered in the description of optical 
inte,ference. The rays B'DCE and B'D'C'E' describe the rays scattered at an angle /3 
from the substrate that are responsible for optical interference. The rays ABCE and 
A'B'C'E' describe two rays of the laser beam reflected from the cantilever which 
inte,fere with the scattered rays. The mirror is inclined at an angle a to the horizontal and 
reflects the light rays onto the vertical photodiode. The cantilever region is enlarged for 
clarity. The cantilever-substrate region is immersed in a fluid of refractive index n. 
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However, there is a further matter. Consider the rays ABCE and A'B 'C'E' as 
describing the rays of the laser beam that are reflected from the cantilever and interfere 
with the light scattered from D and D' at the photodiode. These paths are different, 
therefore the light from the cantilever incident upon E and E' will be out of phase. The 
path difference, c, allowing for the refractive index of the fluid is given by, 
c = z{n[tan/3 tan /3 (1 + 
1 
J] + tan/3( (in a ) - tanx- tan( a+ ,B)J} (6.5) 
2 cos/3 cos a+ f3 
Accounting for this, an expression for the effective optical path difference 
( EOPD) is given by, 
EOPD = z[n(l+ 
1 
J(1+tan/3tan
13
)+2tan/3( ta ) -tanx-tan(a+,B)J] 
cos/3 2 cos a+ f3 
(6.6) 
A phase change of n: occurs upon reflection at both the cantilever and the substrate 
hence a minimum occurs when the EOPD=A(I+l/2) and a maximum occurs when 
EOPD= A I, where I is an integer. Hence adjacent maxima or minima are separated by 
A, which is typically 670 nm. By rearrangement of Equation 6.6, an expression for the 
distance the substrate must move between adjacent maxima or minima in interference, 
Z21t, is obtained. 
z _ 670nm · 
2
1t- n[tan/3tan/3(1+ 
1 
J+tan/3( ta )-tanx-tan(a+,B)J] 
2 cos/3 cos a+ f3 
(6.7) 
Typically f3 is 15° and a varies from <20° to >35°. Sample results of calculated 
Z21t values using Equation 6.7 are given below. 
a value 
Air 
Water 
C6H12 
300 
371 nm 
267nm 
248nm 
250 
410nm 
279nm 
257nm 
200 
472nm 
316 nm 
289nm 
The approximations inherent in the calculation include, assuming the laser light 
strikes the substrate at 90° and that the refraction that takes place as the light rays leave the 
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glass fluid cell are of no consequence. The rays DC, D'C', BC, B'C' are approximated 
as being parallel. The effect of dispersion of the light beam is neglected. Despite this it 
would appear that the calculations describe the results reasonably well. 
Of primary interest is how the periodic noise may be minimised. Realignment of 
the spot on the cantilever often reduces the magnitude of the periodic noise considerably. 
Presumably realignment increases the amount of light incident on the cantilever and 
consequently reduces the amount of light that passes onto the substrate. Similarly, 
focussing of the laser beam to a smaller spot on the cantilever reduces the degree of 
reflected light and increases the total signal strength, resulting in lower levels of periodic 
noise. Using different lasers, it ~as found that a spherical spot gives lower noise levels 
compared to a rectangular spot, when the same focussing lenses are used. H(?wever, the 
effect may be due to other features that varied between the lasers used. If a semi-
transparent material is under investigation, such as muscovite mica or blown quartz, the 
supporting stub can be darkened prior to adhering the substrate to the stub. This reduces 
periodic noise dramatically. 8•9 The LLIFE enables user control over the intensity of the 
light from the laser. It is found that a reduction in light intensity can reduce the 
magnitude of the periodic noise. However, on occasion it can lead to an increase in the 
magnitude of the periodic noise as the total strength of the signal is reduced ( i.e. A+B 
decreases ) by which the signal is normalised. Different areas of the substrate under 
investigation may scatter and reflect light to differing degrees, therefore moving to a 
different area of interaction can affect the magnitude of periodic interference. Often the 
noise is seen to be imperfectly sinusoidal or of an irregular shape but periodic. This same 
shape is reproduced in both the A and B diode traces and therefore does not have its 
origin in the calculation of A - B. Rather it would appear to reflect imperfections in the 
reflectivity of the substrate and perhaps the cantilever. The roughness of the substrate or 
the hollow back of the pyramidal stylus that some cantilever probes possess may be a 
source of such imperfections. The possibility of removing the periodic noise by 
subtraction is appealing but fraught with difficulties. The interference occurs at all 
separations but often the magnitude of the interference increases as the separation 
between the surfaces is reduced. Presumably this is a result of an increase in reflected 
light from the substrate reaching the mirror. In addition, any true deflection of the 
cantilever due to surface interactions will alter the magnitude of optical interference. 
Occasionally, it has been observed8 that after injection of solution the periodic 
noise diminishes over a period of ten to fifteen minutes. This may be explained by the 
presence of small gas bubbles which increase the scattered light. It is assumed the 
bubbles dissolve over time and consequently the noise decreases. Alternatively, thermal 
gradients causing refractive index variations may increase the level of scattered light. As 
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the solution reaches thermal equilibrium, the refractive index variations will cease and 
light scattering will decrease. 9 
Perhaps the best resolution of the difficulties caused by optical interference is to_ 
remove the cause. Spatial coherence of the light source is required to give optical 
interference. If a white light source was utilised, the interference problem could be 
avoided altogether. 
6.5. Summary 
Artefacts associated with the use of the optical lever technique to sense spring 
deflection have been demonstrated. These artefacts can lead to a reversal in the sense of 
the spring deflection, resulting in the production of inverted images, or periodic noise in 
the deflection versus separation curves. The latter is of particular importance when 
quantitative force measurements are being conducted. A mathematical model describing 
interference leading _to periodic noise in force measurements has been proposed and 
means by which these artefacts may be reduced or eliminated has been discussed. 
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Conclusions 
A new instrument for the direct measurement of surf ace forces has been 
developed ( LLIFE ). The instrument employs the light lever technique of the Ato
mic 
Force Microscope but is designed solely for force measurement. The LLIFE employ
s a 
hard ceramic piezoelectric transducer as opposed to the soft piezoelectric mater
ials 
employed in other instruments. Several other design advances have been incorporate
d in 
the instrument. Consequently, the drift and hysteresis associated with the separat
ion 
control have been minimised. This has enabled very slow approach rates to be emplo
yed 
permitting interaction forces in highly viscous media to be measured. Alternatively
, in 
less viscous systems, high approach rates can be employed and numerous rep
eat 
measurements averaged to minimise white noise. The instrument is controlled w
ith 
software that allows complete access to the raw data, and control over the distance, 
rate 
and form of the ramping waveform. The software can easily be customised in orde
r to 
satisfy specific experimental requirements. 
The LLIFE and the Nanoscope II and III AFMs have been employed to 
investigate the interaction forces and optical artefacts in a wide variety of syste
ms. 
Optical interference may lead to oscillations in the measured force as the separatio
n is 
varied and indeed, give rise to false interactions. A quantitative description of opt
ical 
interference is given that correlates with the periodic noise observed. Methods by wh
ich 
optical interference can be minimised and removed are discussed. It is demonstrated 
that 
the diode response may, on occasion, imply that the spring deflection is opposite to 
the 
true deflection. This phenomena has been demonstrated and explained. Further, i
t is 
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demonstrated that this may lead to AFM images in which the height information is 
inverted. 
Systems exhibiting a long range hydrophobic attraction have been studied in 
detail. The interaction forces between solid polymer surfaces, silica surfaces rendered 
hydrophobic by adsorption of cationic surfactants from solution and a chemically 
silanated silica probe and a leaf surface, have been measured in order to investigate the 
hydrophobic attraction. The influence of salt concentration, the removal of dissolved 
gas, the approach rate and prior neutron irradiation on the measured attraction has been 
studied. 
A strongly attractive long range hydrophobic attraction can be measured in the 
presence of high salt concentrations at separations up to 100 De bye lengths. From this it 
can be concluded that a classical electrostatic mechanism cannot explain the attraction 
measured, for the systems studied in this thesis. Further, it is argued that the long range 
hydrophobic attraction for any system is not classically electrostatic in origin. 
The measured attraction is found to be weakly dependant upon both the approach 
rate of the surfaces and the presence of dissolved gas in solution. Increasing the 
approach rate decreases the attraction, as does removing the majority of dissolved gas in 
the system. Surprisingly, it is found that pretreatment of solutions with neutron radiation 
increased the measured attraction. The means by which variables such as the approach 
rate, gas content and neutron radiation alter the measured force is unclear. That these 
variables are found to change the measured force suggests that the mechanism of the 
attraction is related to the metastability of the thin liquid film between hydrophobic 
surfaces. 
Other issues related to hydrophobicity-·have been investigated. The formation of 
micronuclei responsible for the formation of bubbles leading to decompression sickness 
has been studied. It has been postulated that micronuclei may be formed during muscular 
contractions, as bilayers within the body are ruptured. The coalescence of gas bubples in 
aqueous electrolyte solutions has also been addressed. It has been shown that present 
explanations for the unusual effects of electrolytes on bubble coalescence are untenable. 
A model for coalescence has been proposed whereby electrolytes alter the coalescence 
behaviour by restricting diffusion of gas across the air-solution interface. This diffusion 
may be driven by the hydrophobic attraction between bubbles. 
The mechanism by which macroscopic hydrophobic surfaces strongly attract at 
separations of 100 nm and more remains unresolved. The range of the attraction remains 
the primary difficulty in developing a proper theoretical description. 
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